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INTRODUCTION

Four tasks were part of the statement of work:

AChE- and BuChE-transgenic Xenopus tadpoles will be created (year 1).

These tadpoles will be tested for susceptibility to organophosphates (year 1).

AChE- and BuChE-transgenic mice will be created (years 1 and 2). .

These mice will be tested for cognitive capacities and susceptibility to
organophosphates (years 2 and 3).

PO

Progress is reported as follows:
1. Transgenic tadpoles with the human AChE C-terminal variants were created. Because
Xenopus tadpoles have a very high background level of amphibian cholinesterase,
creation of BuChE transgenic tadpoles was considered to be unlikely to give useful
protection from OP exposure, and these experiments were abandoned.

2. The tadpoles created under task 1 were tested for their susceptibilities to
organophosphates.

. Stable pedigrees of mice transgenic in human AChE variants were all created as planned.
. The behavioral studies on the transgenic mice are only now beginning.

W

The achievements of the year 1998 are grouped into three areas:

e non-catalytic roles of acetylcholinesterase;

e the rebound of ACHE expression following acetylcholinesterase inhibition or stress;

e the creation and use of mice which express the several variants of human
acetylcholinesterase.

The non-classical activities of acetylcholinesterase (AChE), i.e. those unrelated to
termination of cholinergic neurotransmission by hydrolysis of acetylcholine, are starting to
be recognized. We have contributed to this growing body of evidence by showing that
elevated levels of AChE in transgenic Xenopus tadpoles and mice have consequences for
the structures of their synapses and neuromuscular junctions. We made a special effort to
correlate these non-classical activities with the particular variants of human AChE, which
derive from the alternative splicings of the mRNA. Furthermore, we have used rat
phaechromocytoma (PC12) cells as a model in which to explore the consequences upon
cytoarchitecture of antisense suppression of AChE expression.

A completely unexpected finding was that inhibition of AChE, by OP agents or
carbamates, induces an increase in expression of the ACHE gene. The biological
consequences of this effect have yet to be fully assessed, but they may have very
significant clinical implications. Furthermore, stress also up-regulates ACHE expression.

New lines of transgenic mice were developed to evaluate the role of the C-terminal
peptides, which characterize the variants of human AChHE, in organ-specific expression,
cytological changes and developmental and behavioral differences. The human AChE from
the milk of several of these transgenic mouse lines was isolated and given preliminary
characterization. Xenopus laevis tadpoles bearing DNA which encodes variants of human
AChE showed resistance to OP and carbamate anti-cholinestersases. However, much of
this resistance relates to the frog enzyme being particularly resilient. Therefore, we do not

recommend use of these tadpoles for toxicology studies.

Besides the acute effects of anti-cholinesterases, the ability of AChE to alter cell-cell
interactions in the CNS, coupled with the increase in ACHE expression following
inhibition of the enzyme, poses the possibility of long-term dangers of exposure to anti-
cholinesterases, The morphological alterations and the developmental and behavioral
changes of the transgencic mice we have been studying demonstrate some of these effects.
As the prophylactic use of reversible anti-cholinesterases has been employed to protect
against the military use of more deadly anti-cholinesterases, and AChE itself has been



considered for this function, and as anti-cholinesterase therapy is widely used to limit
symptoms of neurodegenerative diseases, the potential long-term dangers of these
treatments should be confronted and more widely studied. These points are emphasized in
a forthcoming review article: Glick, D., Shapira, M., and Soreq, H. Molecular
neurotoxicology implications of acetylcholinesterase inhibition. In: Site-Specific
Neurotoxicology, P. Lazarovici and D. Lester, Eds. Plenum Press, New York (in press).



BoDY OF THE REPORT
Non-catalytic roles of AChE

Addressing work task 1, we have tested the biological effects in Xenopus tadpoles of
the expression of human cholinesterase variants. Additionally, addressing work task 4,
we have noted the effects of antisense suppression of ACHE expression.

Accumulated indirect evidence suggests nerve-growth promoting activities for AChE. To
unequivocally define if such activities exist, if they are related to this enzyme's capacity
to hydrolyze ACh, and if they are associated with specific alternative splicing products
of the ACHE gene, we employed four biochemically distinct recombinant human AChEs
(Fig. 1-1A). First, Xenopus laevis embryos were injected with human ACHE DNA,
expressing the synapse-characteristic AChE-E6 which contains the exon 6-derived C-
terminus. Cultured spinal neurons expressing this enzyme grew 3-fold faster than co-
cultured control neurons (Figs. 1-2, 1-3, Table 1-1). Similar enhancement occurred in
neurons expressing an insertion-inactivated human AChE-E6-IN protein, which displays
immunochemical and electrophoretic migration properties indistinguishable from those of
the normal synaptic enzyme, but is not capable of hydrolyzing ACh. In contrast, the
non-synaptic secretory human AChE-I4 variant, which contains the pseudointron 4-
derived C-terminus did not affect neurite growth. Moreover, no growth-promotion
occurred in neurons expressing the soluble, catalytically active C-terminally truncated
human AChE-E4, demonstrating a dominant-positive role of the E6-derived C-terminus
and an inert role for the I4-derived alternative C-terminus in neurite extension. Of all
three active enzyme variants employed, AChE-E6 was the only one to be associated
with Xenopus membranes (Fig. 1-4). Even the inactive variant created profound changes
in the architecture of the NMJs (Fig. 1-5). These findings prove an autologous,
evolutionarily conserved and exon 6-dependent growth-promoting activity for neuronal
ACHE. Furthermore, this study directly reveals that the morphogenic activity of AChE
is spatially limited and unrelated to its hydrolytic capacity and points at a mechanism of
enzyme association with the cell membrane for this function.
This work has been published as: Sternfeld, M., Ming, G-L., Song, H-J., Sela, K.,
Poo, M-M. and Soreq, H. (1998). Acetylcholinesterase enhances neurite growth
and synapse development through alternate contributions of its hydrolytic
capacity, core protein and variable C-termini. J. Neurosci. 18, 1240-1249.

ACHE produced by spinal cord motoneurons accumulates within axo-dendritic spinal cord
synapses. It is also secreted from motoneuron cell bodies, through their axons, into the
region of NMJs, where it terminates cholinergic neurotransmission. We have found that
transgenic mice expressing human AChE in their spinal cord motoneurons display
primarily normal axo-dendritic spinal cord cholinergic synapses (Fig. 2-1, Table 2-1) in
spite of the clear excess of transgenic over host AChE within these synapses (Fig. 2-2,
Table 2-2). This is in contrast to our recent observation that a modest excess of AChE
drastically affects the structure and long-term functioning of NMJs in these mice although
they express human AChE in their spinal cord, but not muscle. Enlarged muscle endplates
with either exaggerated or drastically shortened post-synaptic folds then lead to a
progressive neuromotor decline and massive amyotrophy. These findings demonstrate that
excess neuronal AChE may cause distinct effects on spinal cord and NMJs, and attribute
the late-onset neuromotor deterioration observed in AChE transgenic mice to NMJ
abnormalities.
This work has been published as: Andres, C., Seidman, S., Beeri, R., Timberg, R.
and Soreq, H. (1998) Transgenic acetylcholinesterase induces enlargement of
murine neuromuscular junctions but leaves spinal cord synapses unchanged.
Neurochem. Int. 32, 449-456.

Accumulated evidence attributes non-catalytic morphogenic activities(s) to AChE.
Despite sequence homologies, functional overlaps between AChE and catalytically-
inactive AChE-like cell surface adhesion proteins have not been demonstrated.
Furthermore, no mechanism had been proposed to enable signal transduction by AChHE,
an extracellular enzyme. We have found impaired neurite outgrowth and loss of neurexin



Io. mRNA under antisense suppression of AChE in PC12 cells (AS-ACHE cells). Neurite
growth was partially rescued by addition of recombinant ACHhE to the solid substrate or
by transfection with various catalytically active and inactive AChHE variants (Fig. 3-1).
Moreover, overexpression of the homologous neurexin I ligand, neuroligin-1, restored both
neurite extension and expression of neurexin I-o (Fig. 3-2). PCR display revealed
expression of a novel gene, nitzin, in AS-ACHE cells (Fig. 3-3). Nitzin displays 42%
homology to the band 4.1 protein superfamily capable of linking integral membrane
proteins to the cytoskeleton (Fig. 3-3). Nitzin mRNA is high throughout the developing
nervous system, is partially colocalized with AChE (Fig. 3-4), and increases in rescued
AS-ACHE cells. Our findings demonstrate redundant neurite growth-promoting activities
for AChE and neuroligin, and implicate interactions of AChE-like proteins and neurexins
as potential mediators of cytoarchitectural changes supporting neuritogenesis.

This work has been published as: Grifman, M., Galyam, N., Seidman, S. and

Soreq, H. (1998). Functional redundancy of acetylcholinesterase and neuroligin in

mammalian neuritogenesis. Proc. Natl. Acad. Sci. USA 95, 13935-13940.



Table 1-1. Effects of AChE on neurite growth in vitro

neurite length per cell (Um)

construct injected” at 6-7 hr at9-10 hr orowth rate um/hr___branches  cells (embryos)
AChE-E6 + 646+66 1240117 379+£5.2 1.8+£0.1 32(7)

- 552%59 88.2+£10.3 12927 1.6+0.1 ~ 33(7)
AChE-I4/ES + 620+106 775%82 11.6£2.1 1.7£0.1 27 (8)

- 529%50 92.7+6.2 14719 1.6 £0.1 31 (8)
AChE-E6-IN + 912+08 1569+13.6°  336%3.7 2.0£0.1 25 (3)

- 474%5.1 62.5+9.6 112121 1.5£0.1 28 (3)
AChE-E4 + 48.0%7.0 942 +9.1 11.9+£3.7 1.7£0.2 16 (4)

- 516t74 126.2 £20.4 13.0%4.2 1.8+£0.2 20 4)

.DNA or cRNA were injected into Xenopus embryos at the two-cell stage using rhodamine-dextran as a
marker. Cultures were made from injected embryos one day later. “+" indicates rhodamine-detran
. positive neurons while “-” indicates rhodamine-dextran negative neurons in the same cultures.
Significant difference between "+ and “-" groups ( two tailed t- test; p<0.005).
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Fig. 1-1. Biochemical properties of recombinant AChE variants

0 T
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Analyzed AChE DNAs. The DNA constructs encoding each of the examined AChE variants. Common
exons are designated by black boxes, exon 6 by a hatched box, and pseudointron 4 and exon 5 by
dotted boxes.

B. Hydrolytic cholinesterase activities. ATCh hydrolyzing activities of each of the enzyme forms
encoded by the above ACHE constructs were tested in homogenates of microinjected Xenopus oocytes.
Presented are average results of 3 experiments for each construct. Endogenous Xenopus AChE
activities were subtracted from activities found for cDNA injected oocytes. Note that AChE-E4 activity
levels are comparable with those of AChE-E6 and AChE-I4 and that AChE-E6-IN displayed no
significant catalytic activity.

C. Electrophoretic properties and antibody recognition of the AChE variants. Homogenates of Xenopus
oocytes microinjected with each of the ACHE cDNA constructs and of buffer injected oocytes (C)
were subjected to denaturing gel electrophoresis followed by protein blot and immunodetection (above)
and to non-denaturing gel electrophoresis followed by AChE activity staining (below). Each lane
represents ca. 50 ng AChE. Note that AChE-E6-IN is highly immunoreactive but displays no catalytic
activity, and that AChE-E4 migrates faster than the other variants in the denaturing gel. In the lower
panel, note that AChE-I4 displays heterogeneous bands, and migrates faster than AChE-E6 and AChE-
E4.

D. Substrate inhibition, The above oocyte homogenates were assayed for cholinesterase activity in the
presence of 0.05-60 mM ATCh as substrate. Cholinesterase activity in each substrate concentration is
shown as percentage of the highest activity for each homogenate, after subtraction of spontaneous
ATCh hydrolysis. Shown is one representative of two experiments. Inset: Km values of the
recombinant hAChE variants.




\ 7 hour 8 hour 9 hour Rhodamine- Immuno-
dextran  staining

Fig. 1-2. Neurons expressing human AChE-E6 (+) and control neurons (-) in Xenopus cultures.

Xenopus embryos were co-injected with AChE-E6 DNA and rhodamine-dextran complexes and their spinal neurons
dissociated into culture one day later. Bright-field images sere taken at 7, 8 and 9 h after cell plating. Both the total neurite
length and the rate of neurite growth were measured during this period. Fluorescence micrographs on the right of the 9 hr
photographs depict the rhodamine fluorescence of dextran complexes, which were co-injected with thc DNA. Indirect
fluorescein immunofluorescence staining of AChE, observed at the end of the experiment is shown on the last right panel.
Note the correlation between dextran florescence and AChE staining. Staining and imaging conditions were identical for
all four cells, which were from the same culture. Fluorescently labeled cells (+) were positive with both red and green
filters, whereas negative ()-) cells remained invisible in both. Bar = 20 um.
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Fig. 1-3. Effects of expressing human AChE
on the growth of Xenopus spinal neurons.

Composite concentric line drawings were made from
video images of 12 isolated spinal neurons at 6, 7, 8 and
9 h after cell plating. The center of the neuronal soma
was placed in the center of each drawing. Note consistent
overall neurite length promotion in neurons that expressed
AChE-E6, but not AChE-I4. Neurons derived from
uninjected blastomeres served as controls. Bar = 20 pm.

Fig. 1-4. AChE-E6 exhibit developmentally
increased membrane association in vivo.

Cleaving Xenopus embryos were injected with
the various ACHE DNA vectors or with buffer
(C) and sequential extractions into low-salt-soluble
(LSS), low salt-detergent-soluble (DS) and high-
salt-soluble (HSS) fractions were performed.
Endogenous Xenopus AChE activities were
subtracted from activities of all other embryo
samples. Slices therefore represent the net relative
fractions of the total summed activities for the
host enzyme and each hAChE variant. Note that
AChE-ES6 is similar to Xeonpus AChE in its lower
solubility under low-salt extraction whereas
AChE-E4 and AChE-I4 are both predominantly
low-salt soluble. Above are schematic drawings
of 1-, 2- and 3-day old Xenopus embryos.
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Fig. 1-5. AChE-E6 and AChE-E4 enhance NMJ length while AChE-I4 and AChE-E6-
IN do not.

Two day old DNA injected and control uninjected Xenopus embryos were stained for catalytically active
ACHE and examined by electron microscopy. Representative images of NMJs from embryos with each of
the vectors are shown. Note the enhanced staining apparent as dark electron-dense deposits in NMJs from
AChE-E6- and AChE-E4-injected embryos as compared to controls. Bottom right panels: electron microscope
NMI images (16, 31, 43 and 66 sections from AChE-E4-, -E6-IN- and -E6-injected embryos, respectively
and 55 sections from control uninjected embryos) were used for post-synaptic length measurements. The
percentage of synapses with lengths shorter and longer than 2.5 pm are presented for NMJs from embryos
injected with each vector. Note that while expression of AChE-E6 and AChE-E4 increases post-synaptic
length, expression of AChE-14 and AChE-E6-IN reduces this parameter.
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Table 2-1 Morphometric parameters of hAChE-expressing spinal

cord synapses

parameter control transgenic
ACHhE stained area, pm? 0.05 £0.04 (43) 03+09¢47 p<0.03
area occupied by vesicles, um® 0520337 04103 (44) n.s.
number of vesicles / pm? 96 34 (16) 108+ 28 (16) n.s..
axon minimal diameter, Lm 0.9£0.3 (40) 0.7+£0.3 (44) n.s.
axonal mitochondria area, pm? 0.2+£0.1 (37) 02+0.1 (31D n.s.
dendrite minimal diameter, Lm 2.4 +2.3(20) 1.6 £ 0.9 (15) n.s.
dendritic mitochondria area, um 0.5£0.5(19) 0410.2(13) n.s.

Morphometric parameters were derived from photographs taken using light or
electron microscopy for the numbers of axo-dendritic cholinergic synapses from the
anterior spinal cord of at least 5 adult control and transgenic mice. Statistical
significance (Student’s t test) is noted wherever relevant.

Table 2-2. Morphometric parameters of hAChE-expressing neuromuscular
junctions

parameter control transgenic
AChE stained area, um? 398 + 136 (90) 626 £228 (100) p<0.001
methylene blue stained area, um? 301 £92 (38) 723 + 495 (33) p <0.001
meal lengh of post-synaptic folds / length of NMJ 0.56£0.12(14) 0.65+0.37 (16) n.s.
number of vesicles / pm? 122 + 31 (12) 161 £42 (9) p<0.02
muscle fiber diameter, um 317 (69) 36+5(7.95) p < 0.005

Morphometric parameters were determined as detailed in Table 2-1 for the numbers noted of NMJs,
analyzed folds or muscle fibers from the diaphragm muscle of control and transgenic mice.

13



control

transgenic

Fig. 2-1. AChE overexpression in axo-dendritic synapses from anterior spinal
chord of transgenic mice.

Electron micrographs of three representative synapses from transgenic and control (C) mice are
presented. Acetylcholine hydrolysis products, representing sites of AChE accumulation, appear as dark
crystals, particularly conspicuous in the synaptic cleft between axon terminals (T) and dendrites (D). V
= vesicle. Size baris 1 um.
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Fig. 2-2. Transgenic human AChE is found in spinal cord and muscle homogenates.

Detergent-soluble homogenates of spinal cord and muscle were fractionated by sucrose gradient
centrifugation and AChE activity determined in each fraction prior to (line) or after binding to a
specific anti-human AChE monoclonal antibody (shaded area). Note the different activity scales for
spinal cord (left) and muscle (right). Arrows denote sedimentation of an internal marker, bovine
catalase (11.4 S). Activity peaks reflecting globular monomers, dimers and tetramers are labeled G1,
G2 and G4, respectively. Fractions drawn from the top of each tube are represented by fraction 1.
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Fig. 3-1. AChE suppression is associated with a partially rescuable neuritogenic deficiency.

A. Transcription levels. Total cellular RNA was extracted from PC12 or AS-ACHE cells and subjected to RT-PCR amplification with
primers selective for antisense ACHE RNA or the alternative E6- or [4- ACHEmRNA transcripts. Left Panel: Endpoint products of RT-
PCR using antisense ACHE RNA-specific primers. Asterisk indicates expression of the antisense RNA exclusively in AS-ACHE cells.
Right Panels: Kinetic RT-PCR analysis using ACHE or actin mRNA-specific primers. Presented are samples of PCR products removed
every third cycle from cycles 21-36 for ACHE mRNAs and cycles 15-30 for actin mRNA. Note the delayed appearance of ACHE-E6-
derived products, the total absence of ACHE-14 products, and the unmodified levels of actin PCR products in AS-ACHE cells as compared
with the parental PC12 line. One of 3 reproducible tests.

B. Suppressed AChE catalytic activity in AS-ACHE cells. Presented are AChE specific activities in the original PC12 and antisense ACHE
cells before (Ct) and after (+NGF) 3-days NGF-mediated differentiation. Data is expressed as a percent of the activity measured in
undifferentiated PC12 cells.

C. Neuritogenic deficiency: Figure depicts fibroblast-like appearance and paucity of neurites of AS-ACHE as compared to the parental
PCT2 cells 3 days following addition of NGF. Cells were stained using May-Grunwald stain followed by Gurr's improved Giemsa stain.
D. Reversibility of the neuritogenic deficiency. Depicted are percent of analyzed cells with various numbers of processes following growth
in the absence (control) or presence (thAChE) of 10 pg/ml recombinant human AChE added to the collagen matrix substratum. Note
the partial restoration of neurite outgrowth in AS-ACHE cells exposed to extracellular AChE (p<0.01). The small neurite growth promoting
effect of AChE on the parental PC12 cell line was deemed statistically insignificant. A total of 50 cells from 4 different plates were
analyzed for each group and neurite numbers determined by eye.

Fi.g 3-2. Catalytically inactive AChE
PCI2 AS+E6 o .

and neuroligin-1 both rescue neurite
40 20 outgrowth in AS-ACHE cells.
20 AS-ACHE cells were transiently transfected
with either control StAR plasmid (AS+ctrl) or
2 4 Em a K with plasmids encoding AChE-E6 (AS+E6),
B e e 0 g catalytically-inactive AChE (AS+In), or the
< 40 AS AS+In = AChE-homologous protein neuroligin-1
8 2 (AS+Nrl), stimulated with NGF, and assessed
%‘20 20 g for number of neurites as compared with the
g & parental PC12 or non-transfected AS-ACHE
% g cells. Number of processes per cell is presented
® 0 0 = as in Fig. 3-1C, n=50 cells for all groups. Note
60 AS+etr AS+Nrl that both catalytically active and inactive
20 AChE and neuroligin, but not StAR, partially
40 rescue the neuritotgenic deficience of AS-

0 ACHE cells.

0
1234567 1234567
Processes/cell
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A Band 4.1

L YDPEL GMDYVSDFKLA NQTKELEEKVMELHKSY: SMTPAQADLEFLEN KK S

Moesin HKSGYLAGDKLLPQRVLEQHK NKDQWEE IQVWHEEH (ML ED. LE‘L#i QD E
ITIPT MRMPGKT.RHCOSSOPKLFRN RRLRTVR VIEHYLKI ‘LT GQ' -VQ . M:! EA P
hEST72718 ’ ARA
'POPRVIEE M DLHKA DLE VDII  CSS LLV KDKLR NRFPWPKVLK SSKRSSFFIKIR
JIYYIT S M N FSI N K SEL DAL NI ON T' IG P.SE R 'S N
IETITM T H YAav. D Q LPW ISYK GQ LO K K

VL FBRY [ LCFDKETASCRKLTSREGKMAQEPAPPE.TT FSVQ:

YW PGEQEHYESTIG KLPSYRAAKK KVCVEH TFFRLTSTDTIPKSKFLALGSKFRYS
TSI P M KPI K. APDFVFYAPRLRINKRI ALCMGNHELYMRRRKPDTIEVQOQM: A :AREE:/H(
Nitzin ‘ o} FQ NSS: I Vi Br K SKOKFL{»

hEST72718 "¢ 'H A H .CPA: .. i« OKAE , VQH

B PC12 PC12+NGF AS AS+NGF
Nitzin
Actin
C AS+Ctrl AS+E6 AS+In AS+Nrl
[$ .
Nitzin
Actin

Fig. 3-3. Expression of nitzin, a band 4.1 protein family member, is associated with AS-ACHE
neuritogenesis.

A. Sequence alignment. Presented are partial amino acid sequences from mouse band 4.1, human moesin, rat nitzin and
the corresponding human EST homolog to nitzin. Band 4.1 family consensus sequences are marked in red, ERM consensus
sequences in blue and nitzin/EST homologous residues in green. Band 4.1 signature no. 2 blocks 3 and 4 are marked by
red brackets and ERM family motifs IV and V are enclosed in blue boxes.

B. Transcriptional modulations.

Nitzin mRNA levels were evaluated by RT-PCR in naive and NGF-differentiated PC12 and AS-ACHE cells, and in AS-
ACHE cells transfected with a control plasmid (AS+ctrl), or plasmids encoding AChE-E6 (AS+E6), catalytically inactivated
AChE (AS+In) or neuroligin-1 (AS+Nrl). Samples were removed every third cycle starting at cycle 18. Note the pronounced
expression of nitzin in AS-ACHE but not PC12 cells, its suppression under NGF and the neuritogenic-associated increases
in rescued AS-ACHE cells, under conditions where actin mRNA levels remained unchanged.
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Fig. 3-4. Partially overlapping expression patterns for nitzin and AChE mRNAs in
developing mouse tissues.

Presented are high resolution in situ hybridization results for various tissues from newborn FVB/N mice using
AChE (left) and nitzin (right) specific probes. From top to bottom: hippocampus, cerebellum, retina and kidney.
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The rebound of ACHE expression following AChE inhibition or stress

Acute traumatic stress may lead to post-traumatic stress disorder (PTSD) characterized by
delayed neuropsychiatric symptoms including depression, irritability, and impaired
cognitive performance. Curiously, inhibitors of the acetylcholine-hydrolyzing enzyme,
AChE may induce psychopathologies reminiscent of PTSD. It is unknown how a single
stressful event mediates long-term neuronal plasticity. Moreover, no mechanism has been
proposed to explain the convergent neuropsychological outcomes of stress and AChE
inhibition. However, acute stress elicits a transient increase in released acetylcholine and a
phase of enhanced neuronal excitability and inhibitors of AChE also promote enhanced
electrical brain activity, presumably by increasing survivability of neurotransmitter at the
synapse. We have found similar bidirectional modulation of genes regulating acetylcholine
availability following either stress or AChE blockade (Fig. 4-1, 4-2). These calcium-
dependent (Fig. 4-3) changes in gene expression coincided with rapid enhancement and
delayed depression phases of neuronal excitability, both mediated by muscarinic
acetylcholine receptors (Fig. 4-4). Our findings suggest a paradigm in which robust
cholinergic stimulation triggers a rapid induction of c-fos that mediates selective regulatory
effects on the long-lasting (Fig. 4-5) activities of genes involved in acetylcholine
metabolism.

This work has been published as: Kaufer, D., Friedman, A., Seidman, S. and

Soreq, H. (1998). Acute stress facilitates long-lasting changes in cholinergic gene

expression. Nature 393:373-377

Cholinesterase inhibitors (anti-ChEs) include a wide range of therapeutic, agricultural and
warfare agents all aimed to inhibit the catalytic activity of AChE. In addition to promoting
immediate excitation of cholinergic neurotransmission through transient elevation of
synaptic ACh levels, anti-ChEs exposure is associated with long-term effects reminiscent
of post-traumatic stress disorder. This suggested that exposure to anti-ChEs leads to
persistent changes in brain proteins and called for exploring the mechanism(s) through
which such changes could occur. For this purpose, we established an in vitro system of
perfused, sagittal mouse brain slices which sustains authentic transcriptional responses for
over 10 h and enables the study of gene regulation under controlled exposure to anti-ChEs
(Figi. 5-1). Slices were exposed to either organophosphate or cabamate anti-ChEs (Fig. 5-
2), both of which induced within 10 min excessive overexpression of the mRNA encoding
the immediate early response transcription factor ¢c-Fos. Twenty min later we noted 8-fold
increases over control levels in AChE mRNA, accompanied by a 3-fold decrease in the
mRNAs encoding the ACh synthesizing enzyme choline acetyltranferase (ChAT) and the
vesicular ACh transporter (VAChT) (Fig. 5-3, 5-4). No changes were detected in
synaptophysin mRNA levels. These modulations in gene expression paralleled those
taking place under in vivo exposure. Of particular concern is the possibility that feedback
processes leading to elevated levels of brain AChE may be similarly associated with low-
level exposure to common organophosphorous anti-ChEs, and lead to long-term deleterious
changes in cognitive functions. The changes that occur at the level of the neuron and
synapse are summarized in Fig. 5-5.
This work will be published as: Kaufer, D., Friedman, A., Seidman, S. and Soreq,
H. Anticholinesterases induce multigenic transcriptional feedback response
suppressing cholinergic neurotransmission. Chemical-Biological Interactions (in
press).

18




A. in vivo in vitro
control stress a-AChE

oros | I "l

AChE -‘“lm mil
CHAT nmn ll;i

1000

150

120

ot R -

o | | e

cycle no. —

control[__}

stress| __H

a-AChE Il

B. control a-AChE
|
I

| v

|\ i\

P

e Sl
T 1 1
| i iimV

10 msec

A. Physo,hr 0
Vi V2, 500 msec

o T T T
o N T

500 4o _‘MW

120

Fig. 4-1. Acute stress and anticholinesdterases
modulate CNS gene expression similarly.

A. RT-PCRF analysis: RT-PCR was performed on RNA
extracted from cortex of stressed mice (stress) or from
sagittal cortico-hippocampal slices incubated with | uM
DFP or | mM pyridostigmine (a-AChE). Products were
sampled every third cycle, electrophoresed and stained
with ethidium bromide. Data reflect c-Fos mRNA levels
10 min following stress or AChE inhibition and ACHE,
CHAT VACHT and synaptophysin RNA levels 20 min
post-treatment. Presented are representative gels and
relative band intensities (mean * standard deviation)
calculated from densitometric analysis of a single cycle
verified to be within the linear range of product
accumulation for the specitic PCR reaction. On average,
5 RNA samples were analyzed for each treatment group.
For c-fos, AChE, ChAT and VAChT, the differences in
RNA levels observed between the control and either
stressed or a-AChE samples were all found to be
statistically significant (p<0.02) in a 2-tailed Student t
test. RNA from non-treated control animals generated
patterns similar to that from non-treated slices.
B. AChE inhibition increases neuronal excitability:
Presented are extracellular evoked potentials recorded in
the CAl area before (control) or 30 min following (a-
ACHhE) addition of 1 uM DFP to the perfusing solution.
One of 5 reproducible experiments.

Fig. 4-2. Delayed suppression of the
hyperexcitation evoked by AChE inhibition

A. Paired-pulse facilitation enhancement is transient:

separated by a 500 msec interval or the difference (V-
V) at 50, 100 or 500 msec intervals for hippocampal

slices under control conditions (0 hr) or following 1 or

3 hr perfusion with the carbamate AChE inhibitor
physostigmine (10 (M).
B. Delayed repression of increased population spike
amplitudes: Presented are average (standard deviations)
relative amplitudes (V/Vmax) of evoked population
spikes under control conditions (open circles), or following
1 or 3 hr continuous perfusion of 10 LM physostigmine
(gray triangles or filled squares, respectively). Vmax for
control = 1.04 mV at 9.5 mA.
C. Carbachol increases population spike amplitudes:
Electrophysiology as in figure 4-2B; Control, empty

B. Physo, hr C. CCh,uM D.
o a 05
1.0 ‘h\ 10.5mV
10msec
x
£
> 0.5
> o Ohr
a g
0.0x =3
2 4 6 2 4 6

Stimulus Intensity, mA
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circles; In presence of 1 UM carbachol (CCh), filled
squares; 10 uM CCh, gray triangles. Vmax for control

=1.98 mV at 9.5 mA. Inset: average of 10 responses in

control solution (left) or following 30 min perfusion
with 10 uM CCh (right).
D. Increased population spikes are mediated by muscarinic
receptor activation: One hr following co-perfusion of
physostigmine (10 pM) and atropine (1 M) (open circles)
and 2 hrlater following atropine washout (filled circles).
Inset: Presented are paired-pulse facilitation values (f=(Vo-
V)V}) inthe presence of physostigmine (filled triangles)
as compared to control conditions (open circles). Vmax
for control = 2.25 mV at 7.5 mA.

Drawn are first and second evoked potentials (V, V7)
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Fig. 4-3. Physiological and transcriptional
responses both depend on intralcellular Cat+
accumulation and Nat influx.

A. Calcium chelator prevents enhancerment: Paired-pulse
facilitation was measured as in Fig. 4-2 in hippocampal
slices under contro! conditions (open triangles), 1 h
following the addition of 1 pM physostigmine (filled
squares) or 1 h following tratment with 1 pM
physostigmine in the presence of the intracellular Cat+
chelator BAPTA-AM (1 pM, filled triangles). BAPTA-
AM alone had no effect on paired pulse facilitation (data
not shown).

B. Suppression of the transcriptional response. c-Fos and
ChAT mRNAs from control slices or slices treated for 1
h with 1 mM pyridostigmine (Pyr) alone, or together
with either BAPTA-AM (1 uM) or the Nat channel
blocker tetrodotoxin (TTX, 1 uM) were PCR-amplified
as in Fig. 4-1a.

Fig. 4-4. Long-term changes in AChE
activity following stress.

Presented are average AChE specific activities (percent
of control) in extracts of cortex, cerebellum, or
hippocampus from a total of 26 animals sacrificed at
the noted times after forced swimming. Specific activity
(100%) in untreated controls was 3.98 + 1.2, 1.95 +
1.34, and 2.51 + 0.39 nmol substrate hydrolyzed/min/mg
tissue for cortex, hippocampus and cerebellum,
respectively.

Inset: Stress intensifies cortical AChE activity and
diversifies its electrophoretic heterogeniety. Total
proteins extracted from cortex of mice sacrificed at the
noted post-stress times were electrophoresed (20 ul
per lane, 1:10 w/v ) in 7% non-denaturing
polyacrylamide gels; cataltytically active AChE was
stained histochemically. Recombinant human E6-AChE
(rE6) and readthrough AChE (r14) produced in Xenopus
oocytes (1/5 oocyte/lane) served as known correlates.
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A. in vivo in vitro
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Fig. 5-5. Selective induction of readthrough AChEmRNA following stress and AChE
inhibition.

A. Kinetic follow-up of RT-PCR: Shown are accumulated PCR products derived from alternative AChEmRNAs
under control, stress and anti-AChE conditions. Positions of primer pairs specific for the readthrough (14),
synaptic (E6) and erythrocyte (ES) AChEmRNA subtypes are presented on the left. Endpoint products from
a reaction using I4-specific primer pair 1361+/14(74)- were detected by hybridization with a radiolabeled
nested probe.

B. In situ hybridization: Shown are cortical layers 1-5 (low magnification, left) and representative pyramidal
neurons from cortical layer 2 (high magnification, right) before and after in vivo exposure to pyridostigmine
(2 mg/Kg). Stress treatment induced similar changes (not shown).
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The creation and use of Xenopus tadpoles and mice which express the several
variants of human AChE

Addressing work task 3, we have created new, stable lines of transgenic mice that
express natural and engineered AChE variants. The transgenic AChEs have been tested
for their ability to protect against anti-cholinesterases, as proposed in work task 7.
Finally, as called for by work task 2, we have performed toxicological tests on Xenopus
tadpoles which express human AChE variants. '

Position effect variegations as well as brain-specific silencing were observed in novel
transgenic mouse pedigrees (Fig. 6-1) expressing human AChE variants (Figs. 6-2). Muscle
ACHhE activities varied between 1.6 and 350-fold of control in these lines (Table 6-1), one
carrying insertion-inactivated InE6-AChE and two with "readthrough" I4/E5 AChHE, all
under control of the ubiquitous CMV promoter, and resulting in stable proteins (Fig. 6-3).
In contrast, brain AChE levels remained within a range of 1.3-fold over control, suggesting
an upper limit of brain AChE which is compatible with life.
This work has been published as: Sternfeld, M., Patrick, J.D. and Soreq, H.
(1998). Position effect variegations and brain-specific silencing in transgenic mice
overexpressing human acetylcholinesterase variants. J. Physiol (Paris) 92, 249-
256.

Apart from their well known association with cholinergic synapses, the ACh-hydrolyzing
enzymes AChE and butyrylcholinesterase (BuChE) appear in body fluids (e.g. plasma,
amniotic and cerebrospinal fluids) where their function(s) are not fully understood. To
investigate the molecular mechanisms underlying AChE and BuChE secretion into body
fluids, we studied mammary gland cholinesterases in 2 lines of transgenic mice expressing
the human (h) 3'-alternatively spliced "readthrough” AChE mRNA transcript including the
I4 pseudointron and the 3' terminal exon ES, (hAChE-I4/E5) and in mice expressing a
“truncated” h-AChE variant encoded only by the first four exons of the ACHE gene (h-
AChE-E4), all under regulation of the cytomegalovirus promoter (CMV). Two additional
lines expressed catalytically active AChE under the human ACHE promoter or CMV-
regulated insert-inactivated AChE terminated with the brain characteristic C-terminus
translated from exon 6 (Fig. 7-1). Non-transgenic FVB/N mice served as controls. In
mammary gland alveoli of hAChE-I4/ES transgenic mice, in situ hybridization
demonstrated pronounced labeling of hAChE-I4/E5 mRNA transcripts, considerably
higher than in both wild type FVB/N mice and h-AChE-E6 transgenic mice (Fig. 7-2). hE6-
AChE mRNA labeling was also very faint. This demonstrated mammary gland expression
of the CMV-controlled, but not human ACHE promoter-controlled enzyme. 10° M of the
BuChE-specific inhibitor iso-OMPA blocked 90% of the acetylthiocholine hydrolysis
capacity in milk of control mice and hAChE-E6 transgenics, identifying their predominant
milk cholinesterase as BuChE (Fig. 7-3). Transgenics expressing hInAChE-E6 under CMV
control displayed 15-fold lower than control levels of BuChE in milk, suggesting
competitive inhibition with BuChE secretion by catalytically inactive AChE. In contrast,
transgenic mice expressing hAChE-I4/E5 and hAChE-E4 displayed pronounced AChE
activities in milk (up to 235 fold and 15-fold above control, respectively). Thus, the
[4AChE transgenic enzyme reached higher concentrations than the 50 nM cholinesterases
present in normal human blood. Immunoblot detection of I4AChE revealed a specific 61.65
kd band, the size predicted for the AChE-I4 protein, in the milk from hAChE-I4/ES
transgenic mice (Fig. 7-4). Non-denaturing gel electrophoresis followed by cytochemical
staining further demonstrated a fast migrating pronounced band co-migrating with hAChE-
14 produced in Xenopus oocytes. Moreover, milk hAChE-I4 was highly sensitive for
various antiChEs, displayed a higher sensitivity for organophosphate inhibition than the
other hAChE variants (Fig. 7-5) and was remarkably thermostable at mammalian body
temperatures for at least 6 hours (Fig. 7-6). Our findings thus present novel transgenic
models for studying the secretion, control of production and biochemical properties of
therapeutically promising human ChEs in mammalian milk.
This work has been published as: Salmon, A.Y., Sternfeld, M., Ginsberg, D.,
Patrcik, J. and Soreq H. (1998) Transgenic mammary gland expression of
“readthrough” human AChE: a model system for cholinesterase regulation in
mammalian body fluids J. Physiol (Paris) 92. 489.
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Natural and man-made anti-cholinesterases comprise a significant share of the xenobiotic
poisons to which many living organisms are exposed. To evaluate the potential correlation
between the resistance of AChE to such toxic agents and the systemic toxicity they confer,
we characterized the sensitivity of AChE from Xenopus laevis tadpoles to inhibitors,
examined the susceptibility of such tadpoles to poisoning by various anti-cholinesterases
and tested the inhibitor sensitivities of recombinant human AChE produced in these
amphibian embryos from microinjected DNA. Our findings reveal exceptionally high
resistance of Xenopus AChE to carbamate, organophosphate and quaternary ammonium
anti-cholinesterases. In spite of the effective in vivo penetrance to Xenopus tadpole tissues
of paraoxon, the poisonous metabolite of the pro-insecticide parathion (Fig. 8-1), the
amphibian embryos displayed impressive resistance to this organophosphorus agent (Fig.
8-2). The species specificity of this phenomenon was clearly displayed in Xenopus
tadpoles expressing recombinant human AChE, which was far more sensitive than the frog
enzyme to in vivo paraoxon inhibition (Fig. 8-3). Our findings demonstrate a clear
correlation between AChE susceptibility to enzymatic inhibition and the systemic toxicity
of anti-cholinesterases and raise a serious concern regarding the use of Xenopus tadpoles
for developmental toxicology tests of anti-cholinesterases.

This work will be published as: Shapira, M., Seidman, S., Livnay, N. and Soreq,

H. In vivo and in vitro resistance to multiple anticholinesterases in Xenopus

laevis tadpoles. Toxicology Letters (in press).
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Fig. 6-3. Heat stability of the recombinant AChE variants

Presented are relative ATCh hydrolysis rates of recombinant E6-AChE and
4-AChE variants. Enzymes were produced in microinjected Xenopus
oocytes from the corresponding vectors including the CMV promoter.
Twenty-four hr post-injection, 1:10 w/v oocyte homogenates in high salt-
detergent buffer were incubated at various temperatures for 5 hr (A) or at
42 °C for the noted time periods (B). Endogenous Xenopus AChE activity
was measured in homogenates from non-injected oocytes and the
corresponding values subtracted. Shown are average results of 2-3
experiments and standard deviations of 3 measurements for each sample.
Note that "readthrough" 14 AChE of human origin is at least as stable as
the synaptic E6-AChE variant.
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Fig. 7-5. Human AChE from transgenic 14/E5
mouse milk displays high sensitivity to various
AChE inhibitors.

Human AChE from the milk of I4/ES transgenic mice (hAChE-
14/E5), human red blood cells (RBC-hAChE-ES) and human
recombinant AChE (hrAChE-E6) were preincubated for 20 min
with the indicated concentrations of inhibitors in Ellman's reagent.
Acetylthiocholine (ATCh, 1 mM) was added and its hydrolysis
rate was determined spectrophotometrically as described in Table
1. Data are presented for each AChE isoform as percent activity
of control (with no inhibitor). ICsq values, in yM, are indicated
for each inhibitor.

Note that milk hAChE, as expressed in hA ChE-I4/ES transgenic
mice, is more sensitive to organophosphates such as
diisopropylfluorophosphonate (DFP) and diethyl p-nitrophenyl
phosphate (paraoxon) than the other two AChE variants. However,
the milk AChE displays the same sensitivity to the carbamate
pyridostigmine bromide and the quaternary ammonium ligand
9-amino-1,2,3 ,4-tetrahydroacridine (tacrine). Thus, milk hAChE-
14/E5 may serve as an effective scavenger of a wide range of
anti-cholinesterases.

Inset: Substrate inhibition for each AChE isoform was determined,
using ATCh as a substrate in the concentration range of 0.5-10
mM. Inhibition of the three noted hAChE variants becomes
apparent at similar substrate concentrations (>1 mM).
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Fig. 7-6. Heat stability of
transgenic human AChE

Presented are AChE activity levels in milk
from 14-AChE transgenic mice following
Sh incubation at 4,20,37 and 42°C . After
5 h all samples were frozen at --20°C for
1 h, following which period AChE activity
was re-measured.

AChE activity patterns were similar at 37
and 42°C. Activity elevations during the
first 2 h of incubation at >20°C reveal
thermostable properties at mammalian
body temperature.
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Fig. 8-3. AChE from Xenopus embryos displays higher resistance to multiple inhibitors
and to excess substrate concentrations than the human enzyme.

High salt/detergent extracts of Xenopus tadpoles were prepared and assayed for AChE activity in the presence
and absence of the noted concentrations of various selective inhibitors. Homogenates representing endogenous
frog (filled diamonds) or LRBC AChE (open rectangles) were assayed for activity following 30 min preincubation
with the indicated concentrations of inhibitors. Averages are presented of 6 measurements in two independent
experiments +/- SEM. IC50 values are indicated for each inhibitor in uM. Inset: hydrolytic activities of hRBC
AChE and the Xenopus enzyme were measured, using ATCh as a substrate in the concentration range of 0.1
mM to 25 mM. Note suppression of activity at high substrate concentrations for human AChE but not frog

AChE.
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CONCLUSIONS

Long-lasting deleterious changes of a similar nature occur in the mammalian brain following
either acute psychological stress or exposure to AChE inhibitors. We have explored the
molecular and neurophysiological mechanisms preceding these convergent delayed
consequences in vivo and in perfused hippocampal brain slices. In stressed mice, we
observed a disruption of the blood-brain barrier, which leads to efficient brain penetrance
of anti-AChEs (work supported by earlier DAMD grant). This increase in penetrance of
anti-AChEs, and consequently in acetylcholine (ACh) levels, induces a cascade of c-fos-
mediated transcriptional responses dependent on intracellular Ca™ accumulation.
Consequently, the capacity for synthesis and vesicle packaging of ACh is suppressed
simultaneously with enhanced AChE production that potentiates ACh hydrolysis. This
bimodal decrease in ACh bioavailability, which is independent of the hypothalamic-
pituitary-adrenal axis, then terminates the initial neurophysiological excitation. /n vivo, this
AChE overexpression leads to enzyme accumulation, evident for over 80 h. The
overexpressed enzyme can protect the brain from sustained hyperexcitability and from
increased susceptibility to seizure activity and neuronal toxicity. However, experimental
accumulation of AChE in brain neurons through transgenic manipulations leads to a slowly
progressive deterioration in cognitive and neuromotor faculties. The transcriptional
consequences of stress and anti-AChEs may therefore be beneficial in the short-term but
deleterious in the long-term.
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Acute stress facilitates
long-lasting changes in
cholinergic gene expression

Daniela Kaufer*, Alon Friedman*t, Shlomo Seidman*
& Hermona Soreq*

* Department of Biological Chemistry, The Alexander Silberman Life Sciences
Institute, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

t Departments of Physiology and Neurosurgery, Faculty of Health Science, and
Zlotowski Center for Neuroscience, Ben Gurion University, Beersheva 84105, Israel

Acute traumatic stress may lead to post-traumatic stress disorder
(PTSD)', which is characterized by delayed neuropsychiatric
symptoms including depression, irritability, and impaired cognitive
performance”. Curiously, inhibitors of the acetylcholine-hydrolysing
enzyme acetylcholinesterase may induce psychopathologies that
are reminiscent of PTSD>*, It is unknown how a single stressful
event mediates long-term neuronal plasticity. Moreover, no
mechanism has been proposed to explain the convergent neuro-
psychological outcomes of stress and of acetylcholinesterase
inhibition. However, acute stress elicits a transient increase in the
amounts released of the neurotransmitter acetylcholine and a phase
of enhanced neuronal excitability®. Inhibitors of acetylcholinesterase
also promote enhanced electrical brain activity’, presumably by
increasing the survival of acetylcholine at the synapse. Here we
report that there is similar bidirectional modulation of genes that
regulate acetylcholine availability after stress and blockade of
acetylcholinesterase. These calcium-dependent changes in gene
expression coincide with phases of rapid enhancement and
delayed depression of neuronal excitability. Both of these phases
are mediated by muscarinic acetylcholine receptors. Our results
suggest a model in which robust cholinergic stimulation triggers
rapid induction of the gene encoding the transcription factor c-Fos.
This protein then mediates selective regulatory effects on the long-
lasting activities of genes involved in acetylcholine metabolism.

The molecular mechanisms translating a traumatic life experi-
ence into long-term neuropsychological sequelae are expected to
involve complex changes in gene regulation. We have previously
shown that adult FVB/N mice subjected to either forced swimming
stress or inhibitors of the acetylcholine-hydrolysing enzyme
acetylcholinesterase (AChE) exhibit dramatic increases in levels of
messenger RNA encoding the early immediate transcription factor
¢-Fos in the brain’. In vitro, sagittal corticohippocampal brain slices
exposed to AChE inhibitors showed enhanced neuronal excitability
and similar increases in cortical c-fos gene expression within 10 min
(Fig. 1a). These increases are mediated by cholinergic stimulation of
muscarinic acetylcholine receptors.

The presence of c-Fos-binding sites in the promoters of key
cholinergic genes, such as the genes encoding AChFE?, the acetyl-
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choline-synthesizing enzyme choline acetyltransferase (ChAT)",
and the vesicular acetylcholine transporter (VAChT)", indicated
that elevated c-Fos levels might activate regulatory pathway(s)
leading to long-term changes in the expression of proteins mediat-
ing brain cholinergic neurotransmission. We performed quantita-
tive reverse transcription with polymerase chain reaction (RT-PCR)
on cortical RNA extracted either from mice 10—90 min after forced
swimming or from brain slices after exposure to the cholinesterase
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Figure 1 Acute stress and anticholinesterases modulate CNS gene expression
similarly. a, RT-PCR analysis was performed on RNA extracted from the cortex of
control mice and stressed mice or from sagittal corticohippocampal slices
incubated with 1uM DFP or 1mM pyridostigmine (a-AChE). Products were
sampled every third cycle, electrophoresed, and stained with ethidium bromide.
Data reflect c-Fos mRNA levels 10 min after stress or AChE inhibition, and AChE,
ChAT, VAChT and synaptophysin {Syn) RNA levels 30 min after treatment. The
figure shows representative gels and relative band intensities (mean * s.d.),
calculated from densitometric analysis of a single cycle verified to be within the
linear range of product accumulation for the specific PCR reaction. On average,
five RNA samples were analysed for each treatment group. For c-Fos, AChE,
ChATand VACHT, the differences in RNA levels observed between the control and
either stress or a-AChE samples were all found to be statistically significant
(P < 0.02) in a two-tailed Student's t-test. RNA from non-treated control animals
generated patterns similar to those from non-treated slices (not shown). b, AChE
inhibition increases neuronal excitability. The figure shows extracellular evoked
potentials recorded in the CA1 area before (control) or 30 min following {a-AChE)
addition of 1uM DFP to the perfusing solution. One of five reproducible
experiments.
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inhibitors diisopropylfluorophosphonate (DFP) or pyridostigmine.
In all cases, AChE mRNA levels were markedly increased, whereas
the levels of ChAT and VAChTmRNAs were reduced (Fig. 1a). These
changes in gene expression lagged behind the increase in c-Fos levels
by 20 min (Fig. 1a, and data not shown), consistent with the idea
that c-Fos may activate or suppress cholinergic gene expression. The
levels of mRNAs encoding synaptophysin, the L-type Ca?* channel
or glyceraldehyde phosphodehydrogenase remained unchanged
(Fig. la, and data not shown). These results indicate that acute
cholinergic stimulation promotes selective bidirectional changes in
the expression of genes regulating acetylcholine metabolism. The
combined effects of these changes should reduce the bioavailability
of acetylcholine through suppressed synthesis/packaging and
enhanced hydrolysis. It has been reported that transient increases
and delayed reductions in acetylcholine levels accompany stress®. As
modulated gene expression occurs in vitro, independently of the
pituitary—adrenocortical axis, local mechanisms in the central
nervous system are apparently enough to mediate this response.
Delayed reduction in acetylcholine levels after c-Fos induction
predicts a secondary phase of suppressed neuronal excitability
following both stress and AChE inhibition. To determine whether
acetylcholinesterase inhibitors mediate both acute and delayed
phases of cholinergic activity, we recorded extracellular potentials
in the cell-body layer of the CA1 region of hippocampal slices; these
potentials were evoked by orthodromic stimulation of the CA2/CA3
region of the stratum oriens enriched with cholinergic fibers'2.
Exposure to various AChE inhibitors prompted, within 1h,
increased population spike amplitude, rate of rise, and duration
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ve-vi l
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100 ms A~ e

V2, 500 ms
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.

of paired-pulse facilitation under several stimulus intensities
(Fig. 1b). When we extended AChE inhibition to 3 h, the augmented
synaptic response and the population spikes were significantly
muted, approaching responses seen under control conditions
(Fig. 2a, b). These results show that AChE inhibitors mediate a
transient, early phase of enhanced excitability that is followed by a
delayed phase of suppressed neuronal activity. The non-hydrolysable
acetylcholine analogue carbamylcholine promoted a similar and
dose-dependent increase in amplitude and rate of rise of evoked
population spikes (Fig. 2¢). We could reversibly block both phases
of inhibitor-mediated responses by adding the muscarinic antago-
nist atropine to the perfusion solution during the early phase
(Fig. 2d). This indicates that the late phase of depressed activity
represents a delayed response to a previous phase of acute muscarinic
stimulation.

The c-fos gene includes a Ca**-responsive element and elevated
c-Fos levels are a marker of neuronal hyperexcitation’®. We there-
fore proposed that neuronal activity and/or intracellular accumu-
lation of calcium play a role in translating the transient phase of
cholinergic hyperactivation into changes in gene expression. The
intracellular calcium chelator 1,2-bis-(2-aminophenoxy)ethane-
N,N,N,N'-tetraacetic acid tetra(acetoxymethyl)ester (BAPTA-
AM) prevented enhanced paired-pulse facilitation in response to
physostigmine (Fig. 3a), and both BAPTA-AM and the sodium-
channel blocker tetrodotoxin (TTX) attenuated the changes in
c-Fos and ChAT mRNA levels that are mediated by AChE inhibition
(Fig. 3b). Our results indicate that intense cholinergic activation
initiates a calcium- and neuronal-activity-dependent feedback
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b Physo (h) c CCh (uM) d Physo + Atr
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o -Afr
4 6
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Figure 2. Delayed suppression of the hyperexcitation evoked by AChE inhibition.
a, Enhancement of paired-pulse facilitation is transient. The figure shows the first
and second evoked potentials (V, V,) separated by a 500-ms interval or the
difference {V, —V,} at intervals 50, 100 or 500 ms for hippocampal slices under
control conditions (0 h) or following 1 or 3 h of perfusion with the carbamate AChE
inhibitor physostigmine (physo, 10pM). b, Delayed repression of increased
population spike amplitudes. Average (+ s.d.) relative amplitudes (V/Viax) Of
evoked population spikes under control conditions (open circles), or following 1
or 3h of continuous perfusion of 10 uM physostigmine (physo) (grey triangles or
filled squares, respectively), are shown. Vi, for control is 1.04mV at 9.5mA. ¢,
Carbachol increases population spike amplitudes. The electrophysiology is as in
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b. Control, empty circles; in presence of 1M carbachol (CCh), filled squares;
10wM CCh, grey triangles. Vinax for control is 1.98mV at 9.5maA. Inset shows the
average of ten responses in control solution (ieft) or following 30-min perfusion
with 10 uM CCh (right). d, Increased population spikes are mediated by muscari-
nic receptor activation. Results are shown from 1h after coperfusion of physo-
stigmine (10 M) and atropine (Atr, 1 zM) (open circles) and 2h later, following
atropine washout (filled circles). The inset shows values of paired-pulse facilita-
tion (f =(V,—V)V,) in the presence of physostigmine alone (triangles) as
compared with physostigmine + atropine (circles). Viax for control is 2.25mV at
75mA.
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pathway that works to suppress cholinergic neurotransmission
through modulation of protein synthesis.

AChE activity in the neocortex and hippocampus, but not
cerebellum, of animals exposed to a single stress session increased
by two- to threefold within 50 min after stress and cortical activity
remained significantly higher than that in control mice for over 80 h
(Fig. 4; P <0.05, two-tailed Student’s t-test). The physiological
relevance of this elevated brain AChE activity was seen as resistance
to an anticholinesterase-induced drop in body temperature follow-
ing stress. Intraperitoneal injection of pyridostigmine (0.2 mg kg™)
induced a 0.9 + 0.3°C reduction in rectal temperature within
30 min in control mice (7 = 5); no such drop was seen in mice
subjected to forced swimming 24h before injection of pyrido-
stigmine (0.0 *0.3°C, n=5, P<0.005, two-tailed Student’s
t-test). This observation indicates occlusion of the inhibitor effect
by the effects of stress, and strengthens the contention that stress
and cholinergic activation act on the brain through a common
pathway involving elevated levels of synaptic acetylcholine.

Non-denaturing polyacrylamide gel electrophoresis revealed
new, quickly migrating AChE form(s) in the brains of stressed
mice (Fig. 4, inset). The pattern of gel migration corresponded
closely with that of secreted, monomeric recombinant read-through
AChE produced in Xenopus oocytes (Fig. 4 inset)". Although a
minor mRNA species encoding read-through AChE was previously
detected in brain and in several tumour cell lines®, its protein
product has never been unequivocally identified in vivo. Following
both stress and exposure to AChE inhibitors, a pronounced increase
was observed in levels of this unspliced mRNA species in which
pseudo-intron 4 is retained in the mature transcript (Fig. 5a). In
contrast, no changes were seen in either the transcript containing
the alternative 3’ exon 6 and encoding the dominant synaptic form
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Figure 3 Physiological and transcriptional responses both depend on intra-
cellular Ca?* accumulation and Na* influx. a, Calcium chelator prevents enhance-
ments. Paired-pulse facilitation was measured as in Fig. 2 in hippocampal slices
under control conditions (open triangles), 1h after the addition of 1uM physo-
stigmine (phys, filled squares) or 1 h after treatment with 1 uM physostigmine in
the presence of the intracellular Ca® chelator BAPTA-AM (1 M, filled triangles).
BAPTA-AM alone had no effect on paired-pulse facilitation (data not shown).
b, Suppression of the transcriptional response. c-Fos and ChAT mRNAs from
control slices, or from slices treated for 1h with 1 mM pyridostigmine (Pyr) alone
or 1 mM Pyr with either BAPTA-AM (1 uM) or the Na'-channel-blocker tetrodo-
toxin (TTX, 1 uM) were PCR-amplified as in Fig. 1a.
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of the enzyme, or in the transcript carrying alternative exon 5 and
encoding the haematopoietic form of AChE (Fig. 5a). Thus, acute
neuronal excitation mediated not only enhanced transcription, but
also modified alternative splicing from the AChE gene, leading to de
novo synthesis of the unique read-through AChE isoform.

In situ hybridization revealed low levels of read-through AChE
mRNA in neuronal somata of cortical layers 2 and 5 of control mice.
In contrast, both somata and apical dendrites of neurons from all
cortical layers were intensely labelled for AChE mRNA following
exposure to pyridostigmine (Fig. 5b). However, an exon-6-specific
probe revealed similar levels of exon 6 AChE mRNA in somata of
neurons in layers 2 and 5 of the parietal cortex of both control and
inhibitor-treated mice (Fig. 5b, and data not shown). As otherwise
non-AChE-expressing cells began producing large amounts of a
secretable, non-synaptic form of AChE after acute cholinergic
stimulation, non-cholinergic, non-catalytic activities could be
attributed to read-through AChE in modulating long-term neuro-
nal reorganization following cholinergic insults'***. This idea is
consistent with reported homologies between AChE and a growing
family of neuronal proteins involved in cell—cell interactions that
include cytoplasmic domains capable of transducing signals®.

Our results indicate that modulated cholinergic gene expression
acts to reduce available acetylcholine and depress cholinergic
neurotransmission following stress. This molecular compensation
would play a crucial role in short-term quietening of brain activity
following a traumatic experience, but could have potentially
damaging long-term implications. We previously reported that
prolonged overexpression of AChE in the central nervous system
of transgenic mice promotes delayed cognitive and neuroanatomi-
cal pathologies®*. Our present results therefore indicate a
common mechanism for the delayed neuropsychiatric pathologies
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Figure 4 Long-term changes in AChE activity following stress. Average AChE
activities (per cent of control) are shown in extracts of cortex {cort), cerebellum
{cer), or hippocampus (hipp) from a total of 26 animals killed at the noted times
after forced swimming. Specific activity (100%) in untreated controls was
3.98 + 1.20, 1.95 = 1.34, and 2,61 + 0.33 nmol substrate hydrolysed per min per
mg tissue for cortex, hippocampus and cerebellum, respectively. Inset shows that
stress intensifies cortical AChE activity and diversifies its electrophoretic hetero-
geneity. Total proteins extracted from cortex of mice killed atthe noted post-stress
(str) times were electrophoresed (20 pl per lane, 1: 10wt/vol)in 7% non-denaturing
polyacrylamide gels; catalytically active AChE was stained histochemicalfy*.
Recombinant huran exon 6/AChE (rE6) and read-through AChE (read-through
intron 4, rl4) produced in Xenopus oocytes (1/6 oocytes per lane) served as
known correlates. C, control.
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Figure § Selective induction of read-through AChE mRNA following stress and
AChE inhibition. a, Kinetic follow-up of RT-PCR. Accumulated PCR products are
derived from alternative AChE mRNAs under control, stress and anti-AChE
(a-AChE) conditions. Positions of primer pairs specific for the read-through
(intron 4, 14), synaptic (exon 6, E6) and erythrocyte (exon 5, E5) AChE mRNA
subtypes are shown on the left. Endpoint products from a reaction using the 14~

associated with PTSD and those associated with anticholinesterases.
Feedback pathways leading to raised AChE may also be associated
with low-level exposure to common anticholinesterase drugs and
insecticides. Moreover, our discovery of anticholinesterase-
promoted feedback mechanisms may help to explain the limited
efficacy of cholinesterase inhibitors in treating Alzheimer’s
disease™* and the delayed neurocognitive disturbances reported
by soldiers exposed to pyridostigmine or other anticholinesterases
during the Gulf War®*, O
Methods

Animal care and experimental protocols were carried out in accordance with
institutional guidelines.

Forced swim stress protocol. This protocol was adapted for use in adult FVB/
N mice as described’. Animals were subjected to two 4-min swim sessions in a
water bath of 60 X 60cm at 21 £ 1°C.

Sagittal hippocampal brain slices. These slices were prepared and
maintained as described”, except that the concentration of KCl was 10 mM
for molecular experiments and 5mM for electrophysiological recordings.
Stratum oriens fibres were stimulated with a bipolar tungsten electrode.
Stimulation frequency was <0.3 Hz in all experiments. RT-PCR demonstrated
the presence of stable mRNA for the key genes described for at least 12 h.
Kinetic follow-up of RT-PCR. This procedure was performed as described’
using the following selective primer pairs. Numbers indicate nucleotide
positions in the Genebank cDNA sequences. For the AChE gene, nucleotides
+375 to —1,160 were used to detect a region common to all AChE mRNA
subtypes; nucleotides +1,361 to —1,896 (exon 6) were used to detect mRNA
encoding synaptic AChE; and nucleotides 41,361 to exon 5 (~175) (intron 4/
exon 5) were used to generate a 549-base-pair (bp) product from read-through
AChE mRNA and a 432-bp product from mRNA encoding the erythrocyte-
linked form of the enzyme. For ChAT mRNA, nucleotides +83 to —646 were
used; for c-Fos mRNA, nucleotides +1,604 to —1,306 were used; and for
synaptophysin mRNA, nucleotides +212 to —660 were used.

In situ hybridization. In situ hybridization was performed in 5 pum-thick
paraffin-embedded cortical slices with 50-mer 5'-biotinylated, 2-O-methyl-
protected complementary RNA probes” beginning at intron 14 position 74 or
exon E6 position 1,392 of the mouse AChE gene. Probes were detected using an
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specific primer pair +1,361 to -4 {74) were detected by hybridization with a
radiolabelled nested probe. b, In situ hybridization. Cortical layers 1-5 (low
magnification, left) and representative pyramidal neurons from cortical layer 2
{(high magnification, right) are shown before and after in vivo exposure to
pyridostigmine (a-AChE, 2mgkg™). Stress treatment induced similar changes
(not shown).

alkaline phosphatase/streptavidin conjugate and Fast Red (Boehringer) as a
substrate. Counterstaining of nuclei was with Giemsa.
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Transgenic mammary gland expression
of ‘readthrough’ human AChE:

A model system for cholinesterase regulation in mammalian body fluids

A.Y. Salmon®, M. Sternfeld®. D. Ginsberg®, J. Patrick™. H. Soreq®
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Apart from their well known assoctation with cholinergic synup-
ses, the acetylcholine hydrolyzing enzymes acetylcholinesterase
(AChE) and butyrylcholinesterase (BuChE) appeur in body tluids
fe.g.. plasma. amniotic and cerebrospinal tluids) where their func-
tionts) are not fully understood. To investigate the molecualr
mechanisms underlying AChE and BuChE secretion into body
fluids, we studied mammary gland expression of cholinesterases in
two lines of trunsgenic mice overexpressing the human (hy 3°-al-
ternatively spliced “readthrough” AChE mRNA transcript including
the I4 pseudointron and the 3° terminal exon E5. (RAChE-1+ /E3)
directed by the cytomegalovirus (CMV) efficient promoter. Two
additional lines expressed catalytically active (Beeri et al.. 1993,
1997) or insert-inactivated AChE terminated with the brain char-
acteristic C-terminus translated from exon 6 (hAChE-E6 and
hInAChE-E6: Sternfeld et al.. 1998). Non-transgenic FVB/N mice
served as controls. In mammary gland alveoli of hAChE-14/E35
transgenic mice, in situ hybridization demonstrated pronounced
labeling of hAChE-I4/E5 mRNA transcripts. considerably higher
thun the endogenous mouse (m) AChE-I4#/E5 mRNA transcripts
detected in both wild type FVB/N mice and the h-AChEE6 trans-
genic mice. The capacity of milk cholinesterases to hydrolyse ace-
tylthiocholine (ATCh) was tested in the absence or presence of
the BuChE-specific inhibitor iso OMPA throughout the first 2
weeks after delivery. In both control mice and transgenics ex-
pressing uctive h-AChE-E6. BuChE was the predominant choli-
nesterase and hydrolysed ca. 35 nmol ATCWmin/uL milk. Iso
OMPA (10™ M) inhibited over 80% of this activity. Transgenics
expressing h-InAChE-E6 displayed considerably lower levels of
BuChE in milk, with activities increasing tfrom virtually undetec-
ted amounts to 7.5 and 15 nmol/min/uL at days 7, Il and 14

post-partum. Tais suggestad competitive inhibition of host AChE
production in a manner dependent on luctation time. Transgzaic
mice expressing 23-foid digher levels of h-AChE-I4/E3 in muscle
displayed similarly hizher AChE activities also in milk. Another
line, with 330-fold trans2znic h-AChE-I4/ES levels in muscle. re-
vealed increuses of up 0 !60-fold higher than control amounts
in milk. with two-fold posi-delivery elevations from day 7 to 14,
Non-denaturing gel electroriioresis followed by cytochemical stai-
ning demonstrated 4 comeizx migration pattern with a pronouncad
band co-migrating with h-AChE-I4/E5 produced in Xenopus co-
cytes. Altogether. the transgenic enzyme thus reached higher con-
centrations than the 30 aM cholinesterases present in nermul
human blood. Our findings present novel transgenic models for
studying the secration. control of production and biochemical pro-
perties of cholinesterases in mammalian milk.
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Acetylcholinesterase Enhances Neurite Growth and Synapse
Development through Alternative Contributions of Its Hydrolytic
Capacity, Core Protein, and Variable C Termini

Meira Sternfeld,” Guo-li Ming,2 Hong-jun Song,2 Keren Sela," Rina Timberg,' Mu-ming Poo,2 and

Hermona Soreq’
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Accumulated indirect evidence suggests nerve growth-
promoting activities for acetylcholinesterase (AChE). To deter-
mine unequivocally whether such activities exist, whether they
are related to the capacities of this enzyme to hydrolyze ace-
tylcholine and enhance synapse development, and whether
they are associated with alternative splicing variants of AChEm-
RNA, we used four recombinant human AChEDNA vectors.
When Xenopus laevis embryos were injected with a vector
expressing the synapse-characteristic human AChE-E6, which
contains the exon 6-encoded C terminus, cultured spinal neu-
rons expressing this enzyme grew threefold faster than co-
cultured control neurons. Similar enhancement occurred in
neurons expressing an insertion-inactivated human AChE-
E6-IN protein, containing the same C terminus, and displaying
indistinguishable immunochemical and electrophoretic migra-
tion properties from AChE-E6, but incapable of hydrolyzing
acetylcholine. In contrast, the nonsynaptic secretory human
AChE-14, which contains the pseudointron 4-derived C termi-
nus, did not affect neurite growth. Moreover, no growth promo-

tion occurred in neurons expressing the catalytically active
C-terminally truncated human AChE-E4, demonstrating a dom-
inant role for the E6-derived C terminus in neurite extension.
Also, AChE-E6 was the only active enzyme variant to be asso-
ciated with Xenopus membranes. However, postsynaptic
length measurements demonstrated that both AChE-E6 and
AChE-E4 enhanced the development of neuromuscular junc-
tions in vivo, unlike the catalytically inert AChE-E6-IN and the
nonsynaptic AChE-14. These findings demonstrate an evolu-
tionarily conserved synaptogenic activity for AChE that de-
pends on its hydrolytic capacity but not on its membrane
association. Moreover, this synaptogenic effect differs from the
growth-promoting activity of AChE, which is unrelated to its
hydrolytic capacity yet depends on its exon 6-mediated mem-
brane association.

Key words: acetylcholinesterase; alternative C termini; neu-
rogenesis; neurite extension; noncatalytic function; Xenopus
spinal neurons; synaptogenesis; neuromuscular junctions

Acetylcholinesterase (AChE) hydrolyzes the neurotransmitter
acetylcholine (ACh) released from nerve terminals at neuromus-
cular junctions (NMJs) and brain cholinergic synapses, thus ter-
minating synaptic transmission (Salpeter, 1967). Potential non-
catalytic functions of AChE were implicated by findings that
certain AChE inhibitors decrease chick neurite outgrowth in
culture and that externally added AChE stimulates this process
regardless of the presence of specific inhibitors (Layer et al., 1993;
Jones et al.,, 1995; Small et al.,, 1995). Sequence homology be-
tween AChE and several adhesion molecules (de La Escalera et
al., 1990; Auld et al., 1995; Ichtchenko et al., 1995) and the early
appearance of AChE in developing embryos before the onset of
cholinergic neurotransmission (Layer and Willbold, 1995) also
suggest that AChE may play a developmental function in cellular
development and neuronal growth that is unrelated to its classic

Received Oct. 2, 1997; revised Nov. 21, 1997; accepted Nov. 26, 1997.

This work was supported by grants from National Institutes of Health (NS 31923)
to M-m.P,, and U.S. Army Medical Research and Development Command (DAMD
17-97-1-7007), the Israeli Ministry of Defense, and the Binational Science Founda-
tion United States-Israel (96/00110/1) to H.S. We thank Dr. U. Brodbeck, Bern,
Switzerland, for anti-AChE antibodies, and Ms. Daniela Kaufer for help with
experiments.

M.S. and G.M. contributed equally to this work.

Correspondence should be addressed to Hermona Soreq, Department of Biolog-
ical Chemistry, The Life Sciences Institute, The Hebrew University of Jerusalem,
91904, Israel.

Copyright © 1998 Society for Neuroscience 0270-6474/98/181240-10$05.00/0

ACh hydrolyzing activity. However, experiments aimed at the
noncatalytic nature of the neurogenic activity of AChE were all
based on the indirect use of inhibitors or involved external addi-
tion of AChE to the culture medium (Jones et al., 1995) or solid
substrate (Layer et al., 1993; Small et al., 1995). This called for
studies in which the activity levels of AChE would be changed
within the tested neurons themselves.

Human pre-AChEmRNA may be alternatively spliced at its 3’
end to yield three mature AChEmRNAS encoding protein prod-
ucts with three distinct C termini (Ben Aziz-Aloya et al., 1993;
Karpel et al., 1994). These include the brain-abundant exon
6-encoded C-terminal peptide, the hematopoietic exon 5-encoded
C terminus, which enables glycophospholipid attachment, and the
C terminus derived from the open reading frame of the tumor-
abundant pseudointron 4. The brain and muscle human (h)
ACHE form (hAChE-ES6), expressed in developing Xenopus laevis
embryos, accumulates in and enlarges the postsynaptic length of
neuromuscular junctions (NMJs) (Seidman et al., 1994; 1995).
Transgenic mice expressing hAChE-E6 show NMJ enlargement
and late onset neuromotor deterioration (Andres et al., 1997). In
contrast, DNA encoding the read-through form of hRAChEmRNA
(ACHE-I4/ES) causes production and secretion of an enzyme C
terminated by the I4-encoded peptide (RAChE-14) in ciliated and
secretory epidermal cells of Xenopus embryos. Moreover,
hAChE-14 did not reach NMIJs or affect their length (Seidman et
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al, 1995). When transfected into glioma cells, ACHE-I4/E5
caused the appearance of small, processless round cells, whereas
hAChE-E6 transfection induced process extension (Karpel et al.,
1996). To cxplore the involvement of the catalytic activity and the
alternative C termini of AChE in its neurogenic or synaptogenic
activities, we constructed two novel hAAChEDNA vectors. One of
these encodes a truncated form of the enzyme, devoid of any of
the natural C termini; the other encodes an insert-disrupted form
of the enzyme, incapable of hydrolyzing ACh yet recognized by
anti-AChE antibodies. These two constructs and the above
hACHE-E6 and hACHE-14/E5 DNAs were microinjected into
Xenopus oocytes and embryos. The biochemical and hydrody-
namic properties of the resultant proteins were then compared
with the effects of each of these AChE variants on neurite
extension from spinal neurons and on in vivo NMJ development
in Xenopus.

MATERIALS AND METHODS

Construction of vectors. The plasmids referred to here as ACHE-E6 and
ACHE-I4/ES have been described in detail (Ben Aziz-Aloya et al., 1993;
Seidman et al., 1995). To create a DNA construct encoding a truncated
form of hAChE, lacking either of the native C termini, we used a
two-phase PCR engineering procedure (Higuchi, 1990) using the recom-
binant human ACHE ¢DNA and genomic clones (Soreq et al., 1990). In
the first PCR phase, performed essentially as described (Karpel et al.,
1994), ACHE-EG6 served as template. Two partially overlapping products
were produced in which ACHE exon 4 and the SV40 polyadenylation
signal were joined together, using primers containing the overlapping
sequence:  E3/1522+ 5'-CGGCTCTACGCCTACGTCTTTGAACAC
CGTGCTTC-3'; E4deld-5'-TAACGTCGACTATCAGGTGGCGCTGA
GCAATTTGGGGG-3'; E4del3+ 5'-TTGCTCAGCGCCACCTGATAGT
CGACGTTAACTTGTTTATTGCAGCTTATAATGG-3'; SV40 PolyA-
5'ATGATTTGGACAAACCACAACTAGAATGCAGTG-3'. Primers
were named according to their position in the human ACHE alternative
scquences and vectors. After removal of the primers, the two products
were combined into one longer product by a second PCR reaction in
which they served as templates. External primers E3/1522+ and SV40
polyA - were used in the sccond phase to create a fragment consisting of
the 3’ end of exon 3, exon 4, and the polyA signal. PCR reaction was as
above except that in the first cycle the denaturing stcp was at 94°C for 5
min and the annealing step was from 94 to 50°C (slope rate of 1°C per 30
sec). The product and the original ACHE-E6 plasmid were restricted
using enzymes Notl and Sall, and the two products were then ligated.

To construct the disrupted ACHE coding sequence we inserted an
in-frame sequence of 21 nucleotides, six bases downstrcam of the codon
for the active site serine, located in exon 2. The technique used was the
same two-phasc PCR described above. In the firsst PCR phasc we used
primers containing the inserted sequence. Primers used were E2/340+
5'-GCTTTCCTGGGCATCCCCTTTGCGGAGCCA-3";  E2ins2-5'-
TCCaccgaattgaggatgtcgecacgeget CTCCCCAAACAGCGT-3"; E2insl+
5'- AGCGCGtggcgacatcctcaatteggtggaGCCGCCTCGGCGGGCAT -3,
1212-5'-GAAGTCTCCCGCGTTGATCAGGGCCTCTGG-3". The in-
serted sequence is designated by lower case letters. Primers E2/340-+ and
E2ins2— were used to link the inserted sequence to the upstream PCR
product, and primers E2ins1+ and E2/1212— werc used to link it to the
downstream product. The sccond PCR phase was performed using ex-
ternal primers E2/340+ and E2/1212—. Stage 1l PCR products and
ACHE-E6 were restricted using enzymes BsrEIl and Sphl and ligated.
First and second phase PCR reactions werc as above. After construction,
the accuracy and integrity of both constructs was validated by DNA
sequencing.

Recombinant AChE production and assays of hydrolytic activity. Xeno-
pus oocytes were microinjected with 10 ng of DNA of each recombinant
AChE plasmid, incubated for 48 hr, and homogenized in high-salt-
detergent buffer as described previously (Neville et al., 1990). Homoge-
nates were frozen until use. AChE activity was measured by evaluating
acetylthiocholine (ATCh) hydrolysis using 96-well microtiter plates. pH
dependence of AChE activity was assessed using phosphate buffer at the
pH range 5.8-8.0, with intervals of 0.2. For K,,, and substrate inhibition
experiments, we used ATCh in the concentration range of 0.05-60 mm
and the GraFit 3.0 program (Erithacus Software limited, Staines, UK).
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For enzyme stability studies, oocyte homogenates were incubated at
19-42°C for 0-5 hr, after which AChE catalytic activities in each of the
homogenates were assessed as above.

Xenopus embryo microinjection and subcellular fractionation. In vitro
fertilization of mature Xenopus eggs and blastomere microinjection were
performed as described elsewherc (Seidman et al, 1994), except that
embryos were raised in 19-21°C. Subcellular fractionation of 1-, 2-, and
3-d-old embryos into low-salt (0.01 M Tris-HCI, pH 7.4, 0.05 M MgCl,, 144
mM NaCl), low-salt-detergent (1% Triton X-100 in 0.01 M sodium phos-
phate, pH 7.4), and high-salt (1 M NaCl in 0.01 M sodium phosphate, pH
7.4) buffers was performed as described previously (Seidman et al., 1994).

Protein blot analyses and immunocytochemistry. Denaturing SDS-
PAGE and blotting were essentially as described elsewhere (Seidman et
al., 1994), except that after transfer the blots were washed with 1x PBS
(80 mM NaH,PO,, 20 mM Na,HPO,, pH 7.4), 0.5% Tween-20, 18%
glucose, 10% glycerol, 2.5% bovine serum albumin, and 1% skim milk.
Immunodetection was performed using a pool of monoclonal antibodies
(132-1,2,3; 6 pg/m! each) raised against denatured human brain AChE,
and a 1:2 x 10* dilution of a horseradish—peroxidasc-conjugated sheep
anti-mouse IgG (Jackson Laboratories, Bar Harbor, ME). Chemilumi-
nescent detection was performed with the ECL kit (Amersham Life
Sciences) as instructed. Ten microliter samples of oocyte homogenate
(equivalent to ~50 ng AChE) were loaded on each lane. For enzyme
activity blots, we used nondenaturing gel electrophoresis followed by
incubation in ATCh staining mixture (Seidman et al., 1995), using similar
amounts of oocyte homogenates.

For immunochemical AChE detection in situ, cells were fixed with 2%
paraformaldehyde in PBS for 30 min at room temperature and then
permeabilized with 0.1% Triton X-100 (20 min). After they were washed
with TBST (10 mM Tris-HCI, pH 7.0, 150 mm NaCl, 0.05% Tween-20),
cells were incubated with anti-human AChE antibodies (mouse mono-
clonal antibody 132-1; 1:1000 dilution in TBST containing 10% normal
goat serum) at 4°C overnight. After washes with TBST (5 X 30 min), cells
were incubated with goat anti-mouse IgG conjugated to fluorescein
(Sigma) (1:100 in TBST containing 10% normal goat serum) at 22°C for
2 hr. After the same washing procedure as described above, cells were
mounted and observed under a Nikon Diaphot microscope with a 20X/
1.25 objective.

Culture preparation. Xenopus nerve-muscle cultures were prepared
according to previously reported methods (Spitzer and Lamborghini,
1976; Anderson et al., 1977; Tabti and Poo, 1995). Briefly, neural tubes
and the associated myotomal tissue of 1-d-old Xenopus embryos (stage
20-23 according to Nieuwkoop and Faber, 1967) were dissociated in
Ca?*-Mg?"-free saline supplemented with EDTA (115 mmM NaCl, 2.6
mM KCJ, 10 mm HEPES, 0.4 mM EDTA, pH 7.6) for 15-20 min. The
cells were plated on glass coverslips and used for experiments after 6 hr
of incubation at room temperature. The culture medium consisted (vol/
vol) of 49% Leibovitz L-15 medium (Life Technologies, Gaithersburg,
MD), 1% bovine serum (Life Technologies), and 50% Ringer’s solution
(115 mm NaCl, 2 mm CaCl,, 2.6 mm KCI, 10 mm HEPES, pH 7.6).

Neurite length measurements. Line drawings of isolated neurons and
their neuritic processes were traced from the video monitor display of
recorded microscopic images. The tip of the growing neurite was defined
as the distal leading edge of the phase-dark palm of the growth cone,
without considering the filopodial extension. The entire trajectory of the
neurite, including all of its branches, was measured with a digitizing pad
(Houston Instruments), and the total length of each neurite was calcu-
lated by a microcomputer. The rate of extension (micrometers per hour)
was determined by dividing the net increase in neurite length (in mi-
crometers) by the duration of observation (in hours).

Electron microscopy and morphometric analyses. Histochemical stain-
ing, transmission electron microscopy, and morphometric analyses were
performed as described previously (Ben Aziz-Aloya et al., 1993; Seidman
et al., 1995).

RESULTS

Construction and analyses of hAChE variants

To delineate functions and domains of AChE variants that are
involved in neuron growth and synaptogenesis, two novel hACh-
EDNA vectors were constructed by a two-phase PCR procedure
(see Materials and Methods). One of these constructs, ACHE-E4
(Fig. 1A4), carries a truncated coding sequence containing exons 2,
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Figure 1.

ATCh concentration, mM

Biochemical properties of recombinant AChE variants. A4, Analyzed AChE DNAs and the DNA constructs encoding each of the examined

ACHE variants. Common exons are designated by black boxes, exon 6 by a hatched box, and pseudointron 4 and exon 5 by dotted boxes. See Materials
and Methods for details on the construction of these vectors. B, Hydrolytic cholinesterase activities. ATCh hydrolyzing activities of each of the enzyme
forms encoded by the above ACHE constructs were tested in homogenates of microinjected Xenopus oocytes. Presented are average results of three
experiments for each construct. Endogenous Xenopus AChE activities were subtracted from activities found for cDNA-injected oocytes. Note that
AChE-E4 activity levels are comparable with those of AChE-E6 and AChE-I4 and that AChE-E6-IN displayed no significant catalytic activity. C,
Electrophoretic properties and antibody recognition of the AChE variants. Homogenates of Xenopus oocytes microinjected with each of the ACHE
cDNA constructs and of control buffer-injected oocytes (C) were subjected to denaturing gel electrophoresis followed by protein blot and immunode-
tection (fop) and to nondenaturing gel electrophoresis followed by AChE activity staining (bottom). Each lane represents ~50 ng AChE. Note that
AChE-E6-IN is highly immunoreactive but displays no catalytic activity and that AChE-E4 migrates faster than the other variants in the denaturing gel.
In the bottom panel, note that AChE-I4 displays heterogeneous bands and migrates faster than AChE-E6 and AChE-E4. D, Substrate inhibition. The
above oocyte homogenates were assayed for cholinesterase activity in the presence of 0.05-60 mm ATCh as substrate. Cholinesterase activity in each
substrate concentration is shown as percentage of the highest activity for each homogenate, after subtraction of spontaneous ATCh hydrolysis. Shown

is one representative of two experiments. Inset, K, values of the recombinant hAChE variants.

3, and 4 of the human ACHE gene. The other construct, ACHE-
E6-IN (Fig. 14), encodes a protein identical to the synapse-
accumulating AChE-ES6, except that it carries an in-frame insert
of seven amino acids near the active site protein sequence, which
should render it inactive. Similar to the previously used
ACHE-E6 (Ben Aziz-Aloya et al., 1993) (Fig. 14) and ACHE-
14/ES5 (Seidman et al., 1995) (Fig. 14), transcription of both these
constructs was regulated by the cytomegalovirus promoter, and
they both contain the SV40 polyadenylation signal. Together, this
set of four constructs enabled us to explore the biochemical and
morphogenic activities of AChEs with three distinct C termini
(encoded by E6, 14, or E4) and of the synaptic AChE-E6 enzyme
with or without catalytic capacity.

For biochemical characterization of their protein products, all
four plasmids were microinjected into Xenopus oocytes. The
catalytic activity of the resultant proteins was then assessed by
measuring the hydrolysis rate of acetylthiocholine (ATCh) in
oocyte homogenates. As predicted, oocytes expressing the dis-
rupted form, ACHE-E6-IN, displayed exceedingly low activity
levels (Fig. 1B), which were similar to those of the two experi-

mental controls: buffer-injected and uninjected oocytes (not
shown), most probably reflecting the endogenous Xenopus AChE
activity levels. As expected, both natural AChE variants, termi-
nated with the E6-encoded C terminus or with that encoded by 14,
showed high activity levels (Fig. 1B), confirming previous results
(Schwarz et al., 1995a; Seidman et al., 1995). The novel truncated
form of AChE, encoded by ACHE-E4, displayed activity levels
within the range of the other two variants (Fig. 1B). This dem-
onstrated that neither of the natural C termini encoded by E6 or
14 is essential for the ACh hydrolytic activity of AChE.

Electrophoretic distinctions and hydrolytic similarities

In consideration of the possibility that the low activity levels
observed for the ACHE-E6-IN homogenates did not reflect in-
activation but were caused by impaired production of this protein
in oocytes, we subjected the various recombinant hAChEs to
denaturing gel electrophoresis followed by immunoblotting. Se-
lective immunodetection of hAChE bands (Fig. 1C, top panel)
demonstrated that the Xenopus system is capable of producing
AChE-E6-IN in size and amounts comparable to those of the
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other AChE variants. The electrophoretic migration distance of
all variants except AChE-E4 matched the expected molecular
weight of 66 kDa, whereas AChE-E4 migrated somewhat faster,
consistent with its truncated C terminus. Minor amounts of an
immunopositive protein, with a migration distance similar to that
of AChE-E4, could also be seen in the lanes loaded with the
protein products of ACHE-E6 and ACHE-E6-IN (Fig. 1C, top
panel). Catalytic activity and intact C termini are therefore not
obligatory requirements for production and stability of this pro-
tein in the Xenopus milieu.

When subjected to nondenaturing gel electrophoresis followed
by AChE activity staining, the enzyme produced by ACHE-
E6-IN showed no detectable catalytic activity, as opposed to the
other variants, which were all highly active (Fig. 1C, bottom
panel). The migration of AChE-E6 was considerably slower and
the band was much sharper than those of AChE-I4, which dis-
played faster migrating heterogencous bands. AChE-E4 showed
an intermediate band. The four tested hAChE variants thus
differed in their Stokes radius and charge and active site confor-
mation, whereas they maintained similar primary folding and
production efficiency.

Having shown that ACHE-E6, ACHE-I4/ES, and ACHE-E4
all encode for active enzymes, we wished to examine whether
changing the C terminus of AChE did not affect its catalytic
properties in a more subtle manner. Interestingly, the Xenopus
enzyme retained its full catalytic activity after 5 hr at 42°C,
whereas all hAChE variants lost 50% of their activity (not
shown). However, all three hAChE variants were found to have
K, values within the same range of the previously reported value
(0.3 mm for AChE-E6 in Xenopus oocytes) (Seidman et al., 1994)
and were similarly inhibited by high substrate concentrations (Fig.
1D). Also, substrate hydrolysis by all AChE forms was similarly
enhanced within the pH range of 5.8-8.0 (data not shown), in
agreement with reports of others (for review, see Schwarz et al.,
1995b). There was therefore no indication whatsoever for involve-
ment of the variable C termini of AChE in its catalytic properties,
consistent with previous reports in which enzymatic cleavage of
the C terminus was used to obtain a homogeneous catalytically
active AChE preparation for x-ray diffraction analysis (Sussman
et al., 1991).

Expression of human AChE in Xenopus spinal neurons

Expression of hRAChE in Xenopus embryonic neurons was exam-
ined after injection of each of the above hAChEDNA constructs
into one of the blastomeres of two-cell stage Xenopus embryos.
To facilitate identification of living neurons expressing hAChE
during neurite growth assays, fluorescent dextran was co-injected
with the DNA. The progeny neurons of the injected blastomere
could then be identified by the presence of fluorescent dextran.
Confirmation of AChE expression in individual spinal neurons
was then obtained by immunocytochemical staining of the disso-
ciated neurons from 1-d-old embryos, using monoclonal antibod-
ies specific for hAChE (Seidman et al., 1995). The reliability of
fluorescent dextran as a marker for neurons overexpressing
AChHE was examined in the following experiment. Nerve—-muscle
cultures were prepared from embryos injected with ACHE-E6
¢DNA and rhodamine —dextran. Dextran-positive neurons in 1-d-
old cultures were identified and recorded. The same cultures were
then processed for immunocytochemical staining with antibodies
against AChE. In control cultures prepared from embryos not
injected with AChE-E6 cDNA, there was a negligible level of
ACHhE staining. In cultures prepared from AChE-E6 cDNA and

J. Neurosci., February 15, 1998, 18(4):1240-1249 1243

dextran-injected embryos, we found that 92% (36 of 39 cells) of
dextran-positive neurons exhibited AChE staining, whereas 95%
(55 of 58 cells) of dextran-negative neurons exhibited undetect-
able AChE staining. Figure 2 depicts examples of (AChE+) and
(AChE—) neurons, together with their bright-field images at 7, 8,
and 9 hr in culture, before the staining of AChE. In this culture,
dextran-positive muscle cells also showed, as expected, elevated
staining with AChE. Thus, immunostaining for hAChE shows
that hAChE-E6 is expressed in these spinal neurons and that
dextran fluorescence is a reliable marker for AChE expression.

Effects of expressing human AChE on neurite growth
Six hours after plating of dissociated Xenopus neural tube cells in
culture, many spinal neurons exhibit active neurite outgrowth.
Only isolated neurons not in contact with any other cell were used
in this study, on which two types of neurite growth assays were
made. First, the total neurite length of each neuron in the culture
was measured. Second, extension of individual neurites was mea-
sured for a 3—4 hr period at 1 hr intervals (from 6 to 10 hr after
plating). The hAChE-expressing (AChE+) neurons were identi-
fied by the presence of fluorescent dextran in the cell. To reduce
culture-to-culture variation, similar numbers of (AChE+) and
control neurons in the same culture or cultures from the same
batch of embryos were examined. This analysis revealed that the
average neurite length (the entire trajectory of the neurite, in-
cluding all its branches) was 124.0 = 11.7 um (SEM; n = 32) in
(AChE-E6+)-expressing neurons, which is significantly longer
(p < 0.001; two-tailed ¢ test) than that observed for noninjected
neurons (88.2 + 10.3 um; SEM; n = 33) or AChE-I4-expressing
neurons (77.5 = 8.2 um; SEM; n = 27). To illustrate the overall
difference in neurite growth for a large number of neurons,
composite drawings were made by superimposing tracings of the
video images of randomly chosen neurons, 15 from each of the
noninjected control, (AChE-E6+), and (AChE-I4+) groups, re-
spectively (Fig. 3). It is clear from this figure that the net neurite
extension over the first 9 hr in culture was substantially longer in
(AChE-Eb6+) neurons.

The higher total neurite length at a particular time in culture
may reflect a higher growth rate of each neurite, an earlier onset
of neurite outgrowth from the soma after cell plating, or both.
Direct measurements of the growth rate of individual neurites
during the 6-10 hr period revealed that (AChE-E6+) neurites
indeed exhibit a higher growth rate. As shown in Table 1, in the
same group of cultures, the average growth rate was 12.9 + 2.7
um/hr (SEM; n = 33) for noninjected control neurons but was
elevated to 37.9 = 5.2 um/hr (SEM; n = 32) for (AChE-E6+)
neurons, the difference being highly significant (p < 0.005; two-
tailed ¢ test). In contrast, neurons expressing the read-through
form AChE-I4 did not show any difference in growth rate com-
pared with the noninjected controls. The enhanced growth rate of
(AChE-E6+) neurons was sufficient to account for the difference
in the overall neurite length described above, although earlier
neurite initiation could also have occurred. In addition to the
growth rate, we also measured the number of neuritic branches in
each group of neurons. As shown in Table 1, no significant
difference was found between any of the groups.

Growth promotion is unrelated to ACh

hydrolytic activity

Whether the growth-promoting effect on Xenopus neurons was
partially or entirely caused by the catalytic activity of the enzyme
in hydrolyzing ACh was tested by expressing AChE-E6-IN, the
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Figure 2. Neurons expressing human AChE-E6 (+) and control neurons (—) in Xenopus cultures. Xenopus embryos were co-injected with AChE-E6
DNA and rhodamine—dextran complexes, and their spinal neurons were dissociated into culture 1 d later. Bright-field images were taken at 7, 8, and
9 hr after cell plating. Both the total neurite length and the rate of neurite growth were measured during this period. Fluorescence micrographs on the
right of the 9 hr photographs depict the rhodamine fluorescence of dextran complexes, which were co-injected with the cDNA. Indirect fluorescein
immunofluorescence staining of AChE observed at the end of the experiment is shown on the last right panel. Note the correlation between dextran
fluorescence and AChE staining. Staining and imaging conditions were identical for all four cells, which were from the same culture. Fluorescently
labeled cells (+) were positive with both red and green filters, whereas negative (—) cells remained invisible in both. Scale bar, 20 um.




.

Sternfeld et al. » Noncatalytic Neurogenic Activity of Synaptic AChE

6 hr 7 hr 8 hr O hr

% A é‘@ }%}1

AChE-E6 ;\E @]Zi /\K ”\[Zﬁ
" ARARN PR

AChE-4/ES %’? %"{ gé %\%\:

Figure 3. Effects of expressing human AChE on the growth of Xenopus
spinal neurons. Composite concentric line drawings were made from
video images of 12 isolated spinal neurons at 6, 7, 8, and 9 hr after cell
plating. The center of the neuronal soma (deleted from this image) was
placed in the center of each drawing. Note consistent overall neurite
length promotion in neurons that expressed AChE-E6 but not AChE-14.
Neurons derived from uninjected blastomeres served as controls. Scale
bar, 20 um.

control

insertion-inactivated form of AChE-E6, which lacks ACh hydro-
lytic activity (see above). As shown in Table 1, (AChE-E6+) and
(ACHE-E6-IN+) neurites were similar both in the total neurite
length after 9-10 hr in culture and in the rate of neurite growth
during this period. Thus, the ability of hAChE to promote growth
was associated with the presence of the E6-derived C terminus,
regardless of the catalytic activity.

The E6-derived C terminus is essential for

growth promotion

The ability of AChE-E6 but not AChE-I4 to promote neurite
growth could be attributable to a dominant-positive effect of the
AChE-E6 C terminus (conferred by a sequence and/or structural
clement present in this domain), or to a dominant-negative effect
exerted by the 14-encoded C terminus (i.e., the 14 peptide could
interfere with the growth-promoting properties of other do-
main(s) in the AChE core protein). This problem was examined
by expressing the truncated AChE-E4 form of AChE, which
retains the ACh hydrolytic activity yet lacks either the E6- or the
I4-derived natural C-terminal peptides. The inability of
AChE-E4 to promote growth (Table 1) proved the first option
correct. Therefore, growth promotion of Xenopus spinal neurons
by AChE did not require ACh hydrolytic activity; neither was it
affected by the presence or absence of the I4-derived C terminus.
Rather, to exert this growth-promoting activity the E6-derived
synapse-characteristic C terminus must be present.

The growth promotion activity of AChE is associated
with membrane interaction

Despite their sequence and biochemical similarities, AChE-E6
and AChE-I4 have previously been shown to be differentially
localized in Xenopus embryos, both intra- and intercellularly
(Seidman et al., 1995). AChE-E6 was found to be associated with
NMJs and AChE-14 localized in epidermis and secreted there-
from. To compare the hydrodynamic and membrane association
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properties of the different recombinant hAChE variants in rela-
tion to their growth-promoting capacitics, we microinjected
ACHE-E4, ACHE-E6, or ACHE-14/E5 DNAs into in vitro fer-
tilized Xenopus eggs. Sequential extractions of injected embryos
into low-salt, low-salt-detergent, and high-salt buffers yielded
hAChE-containing homogenates from 1-, 2-, and 3-d-old injected
Xenopus embryos. AChE catalytic activities measured in these
homogenates ranged 2- to 10-fold higher than those of homoge-
nates from uninjected embryos (data not shown) (Seidman et al.,
1995). Most importantly, the recombinant hAChE variants dif-
fered in their membrane association. Catalytically active AChE
in homogenates from ACHE-E4-injected embryos was 92-95%
soluble in low-salt buffer, and AChE-I14 was 74-91% low-salt
soluble (Fig. 4), as compared with 33-53% for low-salt-soluble
AChE-E6. A major fraction (20-50%) of hAChE-E6, but no
other active variant, partitioned into the low-salt—detergent frac-
tion, reconfirming our previous reports (Seidman et al., 1995) and
resembling the solubility pattern of the endogenous Xenopus
enzyme (Fig. 4). Thus, although AChE-E6 could be membrane-
associated, AChE-E4 and AChE-14 appear to be soluble proteins
that could be secreted from the cells expressing them. Moreover,
in all cases except AChE-E4, but including the endogenous Xe-
nopus enzyme, there seemed to be a shift in solubility with
development, from the low-salt fraction to the detergent and
high-salt fractions. This shift may reflect a progressive increase in
membrane interaction and association with other components,
such as the extracellular matrix, at the time these components are
being formed and neurons extend their neurites in vivo.

The synaptogenic and neurite growth-promoting
activities of AChE are distinct

To compare the synaptogenic effect of AChE (Seidman et al,
1995) with its neurite growth-promoting capacity, we examined
neuromuscular junctions (NMJs) from myotomes of 2-d-old em-
bryos injected with the above four vectors. AChE activity staining
(Seidman and Soreq, 1996) followed by transmission electron
microscopy was used to assess the in vivo localization of AChE
and its synaptogenic activity in Xenopus NMlJs. As is apparent
from the representative images of NMJs presented in Figure 5,
both AChE-E6 and the truncated AChE-E4 accumulated in
NMJs in amounts exceeding those in control NMJs. High levels of
catalytically active AChE, most likely of endogenous Xenopus
origin, were also detected in NMlJs from embryos expressing
AChE-E6-IN. In contrast, AChE-I4 was absent from NMIJs,
confirming previous observations (Seidman et al., 1995). These
analyses demonstrated that although the E6-encoded C terminus
may promote the interaction of AChE with NMI components, it
is not obligatory for NMJ accumulation of catalytically active
ACHE. Rather, the I14-encoded C terminus appeared to interfere
dominantly with the accumulation of AChE in NMJs. Moreover,
postsynaptic length measurements in 2-d-old embryos showed
that transgenic expression of both AChE-E6 and the soluble
AChE-E4 enlarged NMJs from an average length of 1.82 = 0.16
pm (SEM; n = 55) to significantly larger synapses with averages
of 2.29 £ 0.16 um (SEM; n = 66) and 2.68 * 0.36 um (SEM; n =
16), respectively (p < 0.05; two-tailed ¢ test). In contrast, NMJs
from embryos expressing AChE-I4 or AChE-E6-IN displayed
average postsynaptic lengths that were somewhat smaller yet not
significantly different from that of control NMJs (1.69 = 0.19 um,
SEM, n = 43, and 1.41 *+ 0.23 um, SEM, n = 31, respectively).
The columns in Figure 5 depict this change, which is reflected by
a shift in NMJ distribution between two groups: synapses with




1246 J. Neurosci., February 15, 1998, 18(4):1240-1249

Sternfeld et al. « Noncatalytic Neurogenic Activity of Synaptic AChE

Table 1. Effects of AChE on neurite growth in vitro

Total neurite length per cell (um)

Growth rate Number of Number of cells

Construct injected” at 6-7 hr at 9-10 hr (um/hr) branches (embryos)
ACHE-E6 + 64.6 = 6.5 124.0 = 11.7* 37.9 £5.2* 1.8 +0.1 32(7)

- 552=*59 882 +10.3 129 x27 1.6 = 0.1 33(7)
ACHE-I4/E5 + 62.0 = 10.6 775+ 82 11.6 21 17=01 27 (8)

- 52950 92762 147+ 1.9 1.6 x0.1 31(8)
ACHE-E6-IN + 91.2 + 9.8* 156.9 = 13.6* 33.6 = 3.7% 20x01 25(3)

- 474 51 625 = 9.6 112=x21 1.5x0.1 28 (3)
ACHE-E4 + 480 = 7.0 942+91 11.9 + 37 1.7+02 16 (4)

- 51.6 =74 126.2 £ 20.4 13.0 =42 1.8=+02 204)

9 cDNA vectors were injected into Xenopus embryos at the two-cell stage using rhodamine—dextran as a marker. Cultures were made from injected embryos 1 d later. “+”
indicates rhodamine-dextran-positive neurons; “~” indicates rhodamine—dextran-negative neurons in the same cultures.

* Significant differcnce was found between + and — groups (two-tailed ¢ test; p < 0.005).
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Figure 4. AChE-EG6 exhibits developmentally increased membrane asso-
ciation in vivo. Cleaving Xenopus embryos were injected with the various
ACHE DNA vectors or with buffer (C), and sequential extractions into
low-salt-soluble (LSS), low-salt—detergent-soluble (DS), and high-salt-
soluble (HSS) fractions were performed. Endogenous Xenopus AChE
activities were subtracted from activities of all other embryo samples.
Slices therefore represent the net relative fractions of the total summed
activities for the host enzyme and each hAChE variant. Note that
AChE-E6 is similar to Xenopus AChE in its lower solubility under
low-salt extraction, whereas AChE-E4 and AChE-I4 are both predomi-
nantly low-salt soluble. Top, Schematic drawings of 1,- 2-, and 3-d-old
Xenopus embryos modeled after those of Deuchar (1966).

postsynaptic lengths smaller or larger than 2.5 um. Thus, both the
synaptic accumulation and the hydrolytic capacity of the trans-
genic enzyme were found to be obligatory requirements for its
ability to enhance NMJ development. In contrast, the synapto-

genic activity of AChE was found to be unrelated to membrane
association, unlike its neuritic growth-promoting function.

DISCUSSION

We used four recombinant hAChE variants to demonstrate that
the neurite growth-promoting activity of AChE in cultured Xe-
nopus neurons depends on the E6-encoded C terminus but not on
catalytic activity, whereas its synaptogenic property in live Xeno-
pus embryos depends both on its ability to accumulate within the
synapse and on its hydrolytic capacity. Thus, AChE plays two
distinct roles, with different mechanistic requirements, during
nervous system development.

That the C terminus of hAChE modifies the electrophoretic
migration properties of the enzyme under both native and dena-
turing conditions demonstrated that it constitutes an independent
domain in the AChE protein, affecting its Stokes radius and
surface charge. Human AChE-E6, AChE-14, and AChE-E4, all
of which differ in their C termini, are catalytically active (this
report) and enzymatically indistinguishable (Schwarz et al,,
1995a). Cleavage of the E6-encoded C terminus does not affect
the catalytic activity of Torpedo AChE (Duval et al., 1992), which
demonstrates that the C terminus is not necessary for substrate
hydrolysis in vitro. Our current results further reveal that the
intact catalytic activity of AChE in Xenopus laevis is C terminus
independent also in vivo. Furthermore, an in-frame insertion of a
foreign septapeptide near the active site serine abolished the
catalytic activity of the enzyme, consistent with predictions of
others (Taylor and Radic, 1994). Neither of these alterations had
an apparent effect on the amounts or the immunoreactivity of the
enzyme produced in Xenopus oocytes or embryos.

The minor fast-migrating immunoreactive band produced from
the hAChE-E6 and hAChE-E6-IN proteins implies partial cleav-
age of the C terminus encoded by E6, yielding a protein that is
identical to hAChE-E4. The electrophoretic heterogeneity of
hAChE-I4 and the fact that part of the hAChE-I4 protein mi-
grated similarly to hAChE-E4 under nondenaturing gel electro-
phoresis further suggested that the I4-encoded C terminus could
be positioned in several orientations relative to the core domain
and be accessible to proteases, consistent with findings of others
(Sussman et al., 1991). However, because only minor parts of
hAChE-E6 or hAChE-I4 co-migrate with hAChE-E4, we con-
clude that most of the former proteins indeed possessed their
complete C termini.

Sequential extraction experiments demonstrated that the en-
dogenous Xenopus enzyme and hAChE-E6 partitioned mainly
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Figure 5. AChE-E6 and AChE-E4 en-
hance NMJ length, whereas AChE-14
and AChE-E6-IN do not. Two-day-old
DNA-injected and control uninjected
Xenopus embryos were stained for cata-
lytically active AChE and examined by
electron microscopy. Representative im-
ages of NMJs from embryos injected
with each of the vectors are shown. Note
the enhanced staining apparent as dark
= electron-dense deposits in NMJs from

AChE-E6-, AChE-E6-IN-, and AChE-
Ed-injected embryos as compared with
controls. T, Nerve terminal; M, muscle
cell; arrows points at synaptic clefts. Bot-
tom right panel, NMJ population analy-
sis. Electron microscope NMJ images
(16, 31, 43, and 66 sections from AChE-
E4, -E6-IN, -14, and -E6 injected and 55
sections from control uninjected em-
bryos, respectively) were used for
postsynaptic length measurements. The
percentage of synapses with lengths
shorter or longer than 2.5 um are pre-
sented for NMJs from embryos injected
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between the low-salt and the low-salt-detergent fractions,
whereas hAChE-E4 and hAChE-14 were almost completely sol-
ubilized in low salt. These observations extend previous findings
(Seidman et al., 1995) that unlike hAChE-E6, hAChE-I4 is se-
creted to the medium by Xenopus embryos and imply that the C
terminus encoded by I4 does not contribute to the membrane
interaction properties of this enzyme. Furthermore, these results
are in agreement with the well known membrane association of
AChE-E6 (for review, see Massoulie et al., 1993). Therefore, of
all AChE forms tested, only proteins containing the E6-derived C
terminus could associate with neuronal membranes and support
growth through such association.

The endogenous Xenopus enzyme, which has not yet been
extensively characterized or molecularly cloned, displayed hydro-
dynamic properties and subcellular interactions similar to those
of transgenic hAChE-E6 and resembles the synaptic form of
mammalian AChE encoded by ACHE-E6. Xenopus AChE is
more resistant to heat and to the anticholinesterase echothio-
phate than the human enzyme (this report) and does not form
heteromeric multimers with hAChE (Seidman et al., 1994). How-
ever, despite these distinctions, Xenopus neurons and NMJs re-
spond to the morphogenic activities of hAChE in an evolution-
arily conserved manner. This emphasizes the importance of these
functions and may allude to their early emergence in evolution.

In addition to its extracellular function in the hydrolysis of
synaptic ACh, we demonstrate here that when intracellularly
expressed, the membrane-associated AChE-E6 protein but not

% % l % ! 0 with each vector. Note that expression of

E6- AChE-E6 and AChE-E4 increases
IN C E6 E4 postsynaptic length as compared with
controls.

the alternatively spliced AChE-I4-secreted protein promotes au-
tologous neurite extension of Xenopus neurons. Similar neurite
growth activity can be induced by mutation-inactivated AChE-E6
but not by the enzymatically active truncated AChE-E4 enzyme.
In cultures of chick sympathetic neurons, rat hippocampus, or
retinal ganglion cells, AChE inhibitors interacting with the pe-
ripheral site of the enzyme prevented the neurite growth effect
and fasciculation exerted by externally added AChE (Layer et al,,
1993; Jones et al., 1995; Small et al., 1995). However, the active
site organophosphate inhibitor echothiophate, which totally in-
hibits cholinesterase activity, did not block AChE-induced
growth. This indicated that the neurite promotion effects were
not caused by enzyme activity per se. However, the effect of these
pharmacological agents could be unrelated to their binding to
ACHE, whereas elevation of the levels of intracellularly produced
AChE protein unequivocally establishes a novel noncatalytic
function for this protein. Like the process extension in rat glioma
cells microinjected with ACHE-E6 DNA (Karpel et al., 1996),
the neurite growth-promoting effect was spatially limited to those
cells expressing the enzyme and did not extend to adjacent,
non-hAChE-expressing neurons. This suggests that it involves the
detergent-extractable fraction of AChE-E6 and that it is associ-
ated with membrane protein signaling.

How does AChE promote neurite growth? A group of adhe-
sion molecules, such as neurotactin, neuroligin, and gliotactin,
contain extracellular domains showing a uniformly distributed
homology to cholinesterases. Their cysteine positions correspond
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to those involved in the formation of AChE intramolecular disul-
fide bonds, suggesting that these adhesion molecules may resume
tertiary structure similar to that of cholinesterases. Although
none of these proteins is a catalytically active esterase, replace-
ment of the extracellular domain of Drosophila neurotactin with
the core domain of AChE created a chimeric protein promoting
cell adhesion (Darboux et al.,, 1996). Drosophila AChE itself or
neurotactin lacking most of its intracellular or extraceltular do-
mains failed to do so, suggesting membrane-associated signaling
operable with the AChE core domain. Thus, AChE may promote
neurite extension by modulating the adhesion capacity of
neurites.

B-Neurexins have been identified as the neuronal membrane
partners interacting with neuroligins (Ichtchenko et al., 1995).
This indicates that the core AChE domain encoded by exons 2—-4
and corresponding to the cholinesterase-like domains of neuro-
tactin and neuroligins could also operate by supporting recogni-
tion of neurexins and related ligand(s). In mammals, it has been
postulated that association between B-neurexins and neuroligins
contributes to axon growth and cell—cell and cell-extracellular
matrix interactions (Puschel and Betz, 1995). Unlike the core
polypeptide of AChE, the E6-derived C terminus does not share
homology with the neurotactin family members (Seidman et al.,
1995) but could associate the enzyme with the cell membrane.
Both hAChE-E6 and hAChE-E6-IN, but not hAChE-E4 or
hAChE-I4, could potentially associate with the cell membrane
through the E6 C terminus and interact, through the core AChE
domain, with a B-neurexin-like ligand expressed on the surface of
the same or other cells or associated with the extracellular matrix.
This would elicit signal transduction by the intracellular domain
of the ligand, which can induce neurite extension. Likewise, the
process extension effect exerted by hAChE-E6 on glia (Karpel et
al., 1996) can be attributed to interaction with the corresponding
ligand of the AChE homologous protein gliotactin (Auld et al,,
1995). Moreover, the recent discovery of the novel Neurexin 4
expressed in epithelial cells (Baumgartner et al., 1996) extends
this hypothesis also to non-neuronal sites. This theory is strength-
ened further by our recent observation that transgenic expression
of hAChE in mice modulates the production of B-neurexins in the
mouse spinal cord (Andres et al., 1997). Molecular cloning of
Xenopus neurexins would be required to further investigate this
mechanism.

The novel function of AChE in promoting neurite growth
explains the early developmental involvement for this protein
before synaptogenesis, supporting descriptive theories based on
its spatiotemporal expression pattern in avian embryogenesis
(Layer et al., 1995). It presents an interesting example of multiple,
seemingly unrelated functions for one protein. That such func-
tional duality in various tissues may be a more general phenom-
enon than we are currently aware of is indicated from findings
with other proteins, such as lactate dehydrogenase (LDH), which
is both a hepatic enzyme (Baumgart et al., 1996) and a structural
crystallin protein in the lens (Chiou et al,, 1991; Voorter et al,,
1993). Although ACh hydrolysis was the first and foremost iden-
tified function of AChE, distinct elements on the surface of this
protein might have been preserved during evolution because of
their interaction capacities with specific diverse molecules, which
serve for different cellular functions.

Unlike its neurite growth-promoting activity, our current find-
ings demonstrate that the synaptogenic activity of AChE is tightly
related with its catalytic activity yet not dependent on the E6-
derived C terminus. Thus the synaptic accumulation of the cata-

Sternfeld et al. « Noncatalytic Neurogenic Activity of Synaptic AChE

lytically active, truncated AChE-E4 sufficed to enhance NMJ
development in vivo, whereas the inert AChE-E6-IN did not
enlarge these synapses, although its structural properties suggest
distribution similar to that of the native enzyme. This in turn
suggests that the I4-derived C terminus is actively involved in the
exclusion of AChE-I4 from the synaptic cleft and attributes an
important role to the effective termination of cholinergic neuro-
transmission in synapse development. Altogether, one should
view AChE as a modular macromolecule, designed to transduce
neurite growth signals as well as synapse development ones by
virtue of a concerted combination of its core protein domain,
alternative C termini and its ACh hydrolytic capacity.
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Abstract — Position effect variegations as well as brain-specific silencing were observed in nove!l transgenic mouse pedigrees expres-
sing human acetylcholinesterase (AChE) variants. Muscle AChE activities varied between 1.6- and 350-fold of control in these lines.

one carrying insertion-inactivated {nE6-AChE and two with ‘rea

dthrough® [4/E5 AChE. all under control of the ubiquitous CMV

promoter. In contrast. brain ACHhE levels remained within a range of 1.5-fold over control. suggesting an upper limit of brain AChE

which is compatible with life. (OElsevier. Paris)

Résumé — Effets positionnels de transgénes de variants d"acétylcholinestérase humaine et inhibition spécifique de leur expres-
sion dans le cerveau de souris transgéniques. Les effets positionnels de transgénes constituds de variants du géne de 1'acétylcholi-
nestérase humaine. ainsi que l'inhibition spécifique de leur expression ont été observés dans de nouvelles lignées de souris transgéniques.
Les activités de I"acétylcholinestérase (AChE) dans les muscles de ces animaux varient dans un rapport de 1.6 a 350 selon la lignée.
Une des lignées comporte une forme inactive de 1" AChE (InE6-AChE). deux autres comportent ure forme de I'AChE contenant I"intron
4 ‘readthrough’ (I4/E5). Tous les variants de ' AChE utilisés dans ces expériences sont sous le contrdle du promoteur ubiquiste du
cytomégalovirus. Par contre, I"activité de I"'AChE ne varie que dans un rapport de 12 2 dans le cerveau. démontrant qu'il existe une
limite supérieure du niveau d’expression de I' AChE compatible avec la survie. (CElsevier. Paris)

acetylcholinesterase / alternative splicing variants / gene dosage effects / muscle / transgenic pedigrees

1. Introduction

Many studies of gene regulation in mammals in
vivo have been made possible by transgenic techno-
logy (for review see [10]). Early transgenes were
constructed with several promoter and enhancer se-
quences, however, these were rarely sufficient to en-
sure native levels or tissue-specific expression [19].
Thereafter, the site of genomic integration of mam-
malian transgenes was found to play a major role
in their control [6]. Therefore, individual Drosophila
or mouse lines with multicopy transgenes exhibited
expression levels that were partially or completely
unrelated to the number of the integrated transgenes
[20]. These phenomena may be especially pronoun-
ced when the overexpressed transgene changes a vi-
tal process such as cholinergic neurotransmission.
for example in transgenic mice carrying the human
transgene for the acetycholine (ACh) hydrolysing
enzyme acetylcholinesterase (acetylcholine acetylhy-

*Correspondence and reprints

Abbreviations: AChE, acetylcholinesterase: BChE, butyryi-
cholinesterase; CMYV, cytomegalovirus: Hp, human acetyl-
cholinesterase gene proximal promoter (586 bp upstream
from the transcription initiation site); PCR, polymerase chain
reaction:; SV40, simian virus 40: ATCh, acetylthiocholine:
BTCh. butyrylthiocholine.

drolase. EC3.1.1.7. AChE). In adult transgenic mice
overexpressing synaptic AChE in brain neurons (3]
we observed structural and functional abnormalities
in neuromuscular junctions [1] as well as attenuation
of dendrite branching and depletion of dendritic spi-
nes harboring synapses of cortical neurons [4]. How-
ever. the specific contribution of the transgenic
AChE toward each of these phenomena remained un-
known.

[n addition to its function in cholinergic neuro-
transmission. compelling evidence demonstrates a
neurite growth-promoting activity of AChE. This ac-
tivity does not depend on the capacity of AChE to
hydrolyse ACh, as it persists in the presence of ac-
tive site inhibitors [11. 17, 24] and is sustained in
insertion-inactivated human recombinant AChE
(InE6-AChE) [25]. However, the neuritogenic acti-
vity of AChE was found to be limited to the sy-
napse-characteristic and membrane-associated
E6-AChE isoform which includes the exon 6-enco-
ded amphipathic C-terminus. In contrast. the non-
synaptic secretory [4-AChE isoform. which
terminates the pseudointron 4-derived hydrophylic
peptide. did not affect neurite growth from Xenopus
motoneurons. nor did it promote process extension
from rat glioma cells [12}

Another developmental activity of AChE relates
to synapse growth and maintenance. This function
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depends on increasing the enzyme's hydrolytic ca-
pacity within the synapse. Evidence supporting this
notion is that both E6 AChE [21-23] and a non-na-
tural C-terminally truncated form. E4 AChE, pro-
mote the enlargement of Xenopus neuromuscular
junctions. but the catalytically inactive InE6-AChE
and the nonsynaptic AChE isotorm [4 AChE do not
[25]. However. it remained uncertain whether 14
AChE is also inert during mammalian development.

Two recent developments call for reconsideration
of these two questions. First, several active site in-
hibitors of AChE were approved for chronic thera-
peutic use in Alzheimer's disease [16]. This implies
the continued presence of the catalytically inactive
E6-AChE protein. with potential effects on synapse
maintenance and plasticity. in brain neurons of trea-
ted patients. Second. acute psychological stress and
exposure to active-site AChE inhibitors were both
shown to induce massive long-term accumulation of
[4-AChE in the mammalian brain {13. 14]. Alto-
gether. these called for testing the in vivo effects of
excess INE6-AChE or 14-AChE on the mammalian
brain and muscle. Towards these goals, we now re-
port the creation of transgenic mouse lines carrying
these two transgenes and demonstrate position ef-
fects of their insertion into thie host mouse genome
on the extent and tissue specificity of their expres-
sion in brain and muscle.

2. Materials and methods

Construction of vectors and the corresponding PCR pri-
mers were recently described [25]. To create founder transge-
nic mice, the [4-AChE and InE6-AChE inserts were both
excised from the corresponding plasmids together with the
CMYV minimal promoter-enhancer sequence and the SV40 po-
lyadenylation signal, using enzymatic restriction with Kpnl
and Spel. Purified insert DNA was then injected into 70 pro-
nuclei of fertilized mouse eggs for each insert. essentially as
previously described [3]. Transgene-carrying mice were iden-
tified by PCR analysis of tail DNA and transgene penetrance
determined at each generation. To evaluate copy numbers, we
performed a semi-quantitative PCR analysis as described pre-
viously {13} and in comparison to parallet reactions with plas-
mid DNA of known concentration.

Xenopus oocyte microinjection and homogenization were
as detailed elsewhere [25). To determine the thermal stability
of the variant AChEs, homogenates of Xenopus oocytes were
incubated at the noted temperatures and times.

Mouse tissues (brain or muscle) were isolated as described
elsewhere [3]. Hydrolysis rate of acetylthiocholine (ATCh)
was measured in Xenopus oocyte or mouse tissue homogena-
tes using an automated multiwell colorimetric assay as descri-
bed [1, 25]. Protein concentrations were measured using the
Bio-Rad DC Protein Assay kit (Bio-Rad Laboratories, 2000
Alfred Nobel Dr., Hercules, CA 94547 USA).

3. Results

To study the regulation of AChE expression in the
mammalian brain and muscle. we created a series
of transgenic mouse pedigrees overexpressing se-
veral variants of human AChE. Four human
ACHECDNA constructs were employed for this stu-
dy. These all included the potent. ubiquitous minimal
CMV enhancer-promoter, except for one consiruct
where the proximal 586 base pair fragment from the
human ACHE gene was used [3]. The coding se-
quences included two natural variants and one en-
gineered construct. These encodz the brain and
muscle-abundant E6-AChE isoform carrying the
exon 6-derived amphipathic C-terminal peptide [22).
the ‘readthrough” 14-AChE isoform C-terminated
with the pseudointron l4-derived hvdrophylic pep-
tide {12]: and the insertion-inactivated InE6-AChE
isoform C-terminated with the exon 6-derived pep-
tide but with no capacity to hydrolyze ACh [25).
Figure 1 presents these different vectors and the dis-
tinct properties predicted for their protein products.

We have used plasmid DN A-microinjected Xeno-
pus oocytes as an analytical system for the as-
sessment of the expression efficacy of the above
vectors. Gel electrophoresis under non-denaturing
conditions revealed production and E6-AChE char-
acteristic migration properties for the catalytically
inactive but immunopositive InE6-AChE variant
[25]. The two catalytically active E6 and [+ AChE
variants both retained over 90 and 50% of their hy-
drolytic capacity in oocyte homogenates when incu-
bated for 5 h at 37 °C and 42 °C. respectively (figure
2). This demonstrated that the variant C-terminal pep-
tides do not contribute significantly toward the heat
stability of AChE. That the C-terminally truncated E4-
AChE lisoform presented similar heat stability, confir-
med this conclusion [25].

Novel transgenic FVB/N mouse lines were crea-
ted with the CMV 14-AChE and the CMV InE6-
AChE vectors and their properties compared to those
of the HpE6-AChE pedigree [L. 3. 4] and of control
EVB/N mice. Each of these transgenes displayed
unimpaired Mendelian inheritance patterns for over
five generations, suggesting compatibility with sur-
vival. Figure 3 presents these pedigrees. one for
HpE6-AChE, two with CMYV 14-AChE and one with
CMV [nE6-AChE. Kinetic follow-up of PCR ampli-
fications. using host mouse DNA and primers selec-
tive for each of the transgenes revealed variable first
cycle of appearance (27. 27. 30 and 30 for 300 ng
samples of genomic DNA) for the two independent
pedigrees with CMV [4-ACKE transgenes, lines 43
and 70. one with HpE6-AChE and one with CMV
InE6-AChE, respectively.
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The efficacy of AChE expression in brain and
muscle tissues from these transgenic mice was eva-
luated by ATCh hydrolysis rates in tissue homoge-
nates in the presence and absence of the specific
BChE inhibitor [soOMPA. These measurements de-
monstrated drastic differences in the specific activity
of muscle AChE (rable I). Hydrolysis capacity
reached levels of 190 + 22 (S.E.M.) and 2700 £ 330
(S.E.M.) nmol ATCh hydrolyzed/min/mg protein in
the two I4 AChE lines as compared to 7.6 £ 0.5
(S.E.-M.), and 12 + 2.3 (S.E.M.) nmol/min/mg in
muscle from control FVB/N mice and transgenics
carrying InE6-AChE, respectively.

A. Temperature B. Time

dependence
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Catalytically
active synaptic

Catalytically
active synaptic

Catalytically
inactive synaptic

Catalytically
active non-synaptic
[4-AChE and/or
E5-AChE

dependence

t9
h

Figure 1. Human AChE variants overex-
pressed in transgenic model! systems. Pre-
sented are recombinant DNA inserts from
plasmids constructed to perform this trans-
genic study. Hp. human ACHE minimal
promoter: CMV, cytomegalovirus mini-
mal promoter-enhancer: SV40). consensus
polvadenslation site. Arrows indicate the
orientation of transcription and exons 1-6
are numberad. Intron [1 and pseudointron [4
are hsphenated and the open reading frame
of each coding region is noted by a dashed
line below it, with the naturally variable C-
terminal peptides and the engineered inacti-
vating insert highlighted. The major
characteristics of the AChE proteins produ-
ced from each of these vectors are also noted.
See Beari et al. [3], Seidman et al. [22} and
Sternreld etal. [25] for further details of each
of these vectors.

E6-AChE

E6-AChE

E6-AChE

In contrast to the drastic variabilities in muscle
ACHE levels. brain AChE specific activities remai-
ned grossly similar in all of these transgenic lines.
These ranged from 160 + 5.0 (S.EM.) and 170 £
15 (S.E.M.) nmol/min/mg for the mice carrying
InE6-AChE and control FVB/N mice and reached
240 + 21 (S.E.M.) and 230 £ 25 (S.E.M.)
nmol/min/mg for the two 14 AChE pedigrees with
muscle activities 25- and 350-fold higher than con-
trol. HpE6-AChE transgenics revealed the highest
values, reaching 300 nmol/min/mg levels in brain.
50% higher than the brain activity in control FVB/N
mice [3]. Table I presents these comperative data for

Figure 2. Heat stability of the recombinant
AChE variants. Presented are relative ATCh

150
13 5 hr

100 T

(¥,

o
i
T

—-E6
4+ |-o-I4/E5 +

% remaining activity

L L

hydrolysis rates of recombinant E6-AChE and
[4-AChE variants. Enzymes were produced in
microinjected Xenopus oocytes from the cor-
responding vectors including the CMV pro-
moter (see figure 1). Twenty-four h
post-injection, 1:10 w/v cocyte homogenates
in high salt-detergent buffer [25] were incuba-
ted at varjous temperatures for 5 h (A) or at
42 °C for the noted time periods (B). Endoge-
nous Xenopus AChE activity was measured in
homogenates from non-injected cocytes and
the corresponding values subtracted. Shown
t } are average results of 2-3 experiments and

42°C

O :II
10 20 30 40 0 1 23

temperature,’C

standard errors of three measurements for each
sample. Note that ‘readthrough’ 14 AChE of
human origin is at least as stable as the synaptic
E6-AChE variant.
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igure 3. Mendelian inheritance of transge- F3 10 'T’ 7 2
nic AChE variants in mouse pedigrees. Pre- %
sented are pedigree data for four distinct lines ' J ! |
of mice carrying the noted transgenic ChE F4 8 lT’ g o3 6 i& 1
constructs. Transgene presence was determi- |
ned by PCR amplification from tail DNA F5 7R @ 7 R @ 2
samples as previously detailed [3]. Numbers
of positive and negative mice in each litter are 14 AChE (line 45) 14 AChE (line 70)

noted on the left and right, respectively. Note
the increase in positive litter mates within ad-
vanced generations, retlecting unimpaired
Mendelian inheritance.

brain and muscle AChE levels, clearly demonstrating
the distinct expression patterns of these transgenes
in brain and muscle.

To test whether overexpression of AChE affects
endogenous cholinesterase activity. butyrylcholines-
terase (BChE) activity was determined in these ho-
mogenates by measurements of butyrylthiocholine
hydrolysis in the presence and absence of the spe-
cific AChE inhibitor BW?284C51 (rable I). These
analyses showed an increase of 1.8 over control in
muscle BChE activity in the [4-AChE ransgenic line
that showed a 350-fold increase of AChE activity.
fn contrast, decreased brain BChE activities to levels
0.46 and 0.58 of control were observed both in the
[nE6-AChE transgenic line and the [4+-AChE trans-
genic line with the 25-fold increase in muscle AChE
activity (line 43). The changes in BChE activities
in both muscle and brain were thus much lower than
those in AChE activities in these tissues.

ot @ founders

4 . 7, .
H'® positives OQ negatives

4. Discussion

Creation of three novel transgenic mouse pedi-
grees revealed position effect variegations in muscle
expression as well as brain-specific silencing of the
CMV [4-AChE transgene encoding the secretory. s0-
luble non-synaptic ‘readthrough’ form of AChE.
When compared to transgenic mice carrying the
InE6-ACHE transgene and the corresponding catalyti-
cally active E6-AChE transgene. a pattern emerges
which testifies to considerable permissivity of muscle
AChE variations but maintains brain AChE levels
within a very narrow activity window.

We found that two mouse pedigrees. both carrying
apparently similar copy numbers of the 14 AChE
transgene under control of the CMV promoter. ex-
press 23- and 350-fold excesses of AChE in muscle.
This clearly reflects position effects of the insertion
of these transgenes into the host mouse genome. In
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Transgene PCR kinetics
Hp E6 AChE
CMV E6-In AChE

CMV 14 AChE
(line 45)

CMV 14 AChE
(line 70)

control mouse

CMYV I4 AChE
plasmid DNA

PCR cycle —

Figure 4. PCR indications for differential gene dosage.
Shown are kinetic accumulations of PCR products drawn
every third cycle, from 500 ng tail DNA of positive F4-F7
generation mice from each of the noted transgenic pedigrees.
Genomic DNA from a control mouse was incubated with
primers selective for the AChE coding sequence to exclude
the possibility of false positives. CMV [4-AChE plasmid
DNA (10 pg) was used with the same primers to calibrate
copy numbers. Note the parallef kinetics, indicating similar
gene dosage, for lines 45 and 70, both of which carry CMV
[4-AChE transgenes. One out of three reproducible analyses
is presented for each transgene. PCR cycles in which samples
were taken are noted under the gel panels.

both Xenopus embryos and transtected mammalian
cells, the CMV promoter was found to be 20-fold
more potent than the endogenous 586 bp HpACHE
promoter [3, 12]. This. in turn, suggests enhance-
ment of the CMV promoter activity in muscle by
neighboring sequences at the transgene integration
site in at least one of the 4 AChE pedigrees. Mo-
reover, in several other tissues of these transgenic

(3]
(ol
(9N}

lines. a pattern of overexpression similar to that of
muscle was observed (data not shown). Our [4 AChE
pedigrees are therzfore a good example of positive
effects imposed by the chromosomal integration si-
tes. unlike many other cases where the cis-acting e-
lements included in transgenes were insufficient to
overcome the negative effects imposed by the inte-
gration site. This phenomenon of repressed expres-
sion of genes translocated to abnormal integration
sites was much eurlier termed “chromosomal posi-
tioning erfect’ [7. 13. 26]. The observation of en-
hanced [4-AChE production in our transgenic
animals therefore suggests integration at sites favo-
rable for transcription.

Selective activation or silencing of mammalian
genes in specific calls and tissues is regulated by
locus control regions that act in ¢is to ensure correct
functioning of adjacent transcription units in all cells
of a certain lineage [15]. This operates through the
establishment of an open chromatin configuration
and requires several domains within the locus control
regions [2. 8]. The massive overexpression of muscle
AChHE in the analyzed transgenic mice may therefore
reflect integration in the proximity of such region(s).
That this overexpression apparently does not inter-
fere with neuromuscular properties is compatible
with the non-synaptic localization of I4 AChE as
well as with its minimal effect on neuromuscular
junction development [22, 25].

Within the same mouse pedigrees with massive
muscle AChE increases. variations in brain AChE ac-
tivity were remarkably limited. It is unlikely that this
silencing was due to the known phenomenon of
transgene repeats [9]. as it was limited to brain and
did not affect muscle expression. Rather, it is likely
that the viability of these transgenic pedigrees de-
pended on minimal changes in their brain AChE le-
vels. so that the only lineages that survived were
those where the transgene’s expression in the brain
was effectively silenced. This suggests that the
upstream domains adjacent to the two I4 AChE
transgenes should include effective brain silencing
in addition to muscle enhancing elements and calls for
testing their composition and the mechanisms of their
function in comparison with other regulators [27].

The reduced brain AChE levels in the InE6-AChE
transgenics suggest active expression of this trans-
gene as well as competition of its protein product
with host E6-AChE on its translation. post-transla-
tional processing and/or deposition sites. That mus-
cle AChE activity was somewhat increased in these
mice may further reflect feedback responses of those
neuromuscular structures where integration of inac-
tive AChE caused an artificial increase in ACh le-
vels. These newly created transgenic models should
theretore be most valuable for testing the biological
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effects of AChE overproduction and sustained inhi-
bition and for exploring the molecular mechanisms
controlling both the expression patterns of these
transgenes and the ability of the host mice to ac-
commodate these changes.
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INTRODUCTION

“Toxin” is a medical and pharmacological term, and refers to a physiological activity; “inhibitor” is a
biochemical term and usually refers to an enzymatic activity. As we are often dealing with the
molecular rather than physiological action of these compounds, we find the term *inhibitor” more
congenial. However, in biological terms, their significance is one and the same.

For almost as many years as acetylcholine (ACh) has been recognized as a neurotransmitter (Loewi,
1936), the vital role of acetylcholinesterase (AChE, EC 3.1.1.7) in terminating cholinergic
neurotransmission(Taylor, 1996) has been recognized. As a matter of record, the importance of an
enzyme or a pathway has often been demonstrated by the effects of its inhibition. So it has been with
cholinergic mechanisms. The many AChE inhibitors have helped elucidate AChE’s functions, and,
conversely, a knowledge of its functions has helped to pinpoint the site of action of many toxins.

Acetylcholinesterase is a 67 kDa protein, one of a group of proteins, the o/f~hydrolase fold family,
which share a characteristic topology but not necessarily a homology of sequences. The family
includes such diverse members as the enzymes cholesterol esterase and liver esterases 1 and 2, but
also the non-catalytic proteins thyroglobulin, neuroligin and Drosophila neurotactin, with which
AChE shares a considerable degree of sequence homology (Cygler et al., 1993). It is believed that
molecular genetic processes such as exon shuffling, gene duplication, chromatid exchange and
mutation together led to the emergence during evolution of this wealth of proteins (Blake, 1985;
Maeda and Smithies, 1986). These newly recognized proteins, including other members of this
family, gliotactin (Auld et al., 1995) and glutactin (Olson et al., 1990), are apparently involved in
neurogenesis and circuitry formation, and share some of the structural as well as the adhesive, but not
the catalytic activities of AChE (Darboux et al., 1996). X-ray diffraction studies of Torpedo
californica electroplax AChE (Sussman et al., 1991), later shown to be very similar in structure to
the mammalian enzyme (Marchot ez al., 1996), reveal the active site at the bottom of a 20 A-deep
gorge which is lined with aromatic residues. Despite this relative inaccessibility to its substrate, the
enzyme has an extremely high catalytic rate, possibly due to the requirement to support the termination
of cholinergic neurotransmission. For the same reason, inhibition of AChE activity is highly
neurotoxic.

There is only one gene for human AChE, termed ACHE and located at 7q22 (Ehrlich ez al., 1992;
Getman et al., 1992). Its transcript is alternatively spliced into three mRNAs, which encode three C-
terminally variant AChEs, a muscle/brain-characteristic form (E6) encoded by exons 2, 3, 4 and 6, the
erythrocyte-typical form (ES) encoded by exons 2, 3, 4 and 5, and a “readthrough” form (I4/ES),
encoded by exons 2, 3 and 4, pseudointron 4 and exon 5 (Fig. 1). The proteins, including the C-
terminal peptides encoded by E6 and ES are well characterized; the translation product of I4/E5 has
been detected but is largely uncharacterized. Biochemical measurements indicate that the alternative C-
terminal peptides represent distinct domains, loosely associated with the core of the protein. Thus,
molecular evolution theory and biochemical data both indicate a modular structure of these proteins.
Post-translational modification further modifies the core protein, so that it occurs as dimers, i.e.
protomers linked by a disulfide bridge at their C-terminus, as tetramers which are electrostatically
linked dimers of dimers and as higher aggregates in which protomers and dimers are linked to a
collagen-like protein which forms a triple helix that gathers together the globular protomers
(Massoulié et al., 1991). The erythrocyte form (ES) is linked at its C-terminus to a phosphatidyl
inositol which is partially embedded in the membrane. Both E6 and ES forms are glycosylated. It is
noteworthy that the 32 C-terminal residues were not located in the crystallography model, presumably
because they were not rigidly held in a single position. Therefore, we do not know where in the three-
dimensional structure of the protein the C-terminal residues are positioned.




Fig. 1. ACHE gene structure and the alternative
3-C-terminal peptides. The human gene has been
localized to 7q22 (Ehrlich et al., 1992). It is
alternatively processed to 3 different mRNAs,
each with a characteristic tissue localization.
Compare with the structure of the homologous
gene, BCHE (Fig. 13). The core proteinconsists
of exons 2 to 4; the alternative C-terminal amino
acid sequences which follow E4 are: (E6)
DTLDEAERQWKAEFH RWSSYMVHWKN

; QFDHYSKQDRCSDL; (14) GMQGPAGSGW
brain and muscle readthrough  erythrocyte EEGSGSPGVTPLESP. and (E5) ASEAPSTC

i 2248 2245 | PGFTHGEAAPRPGLPLPLLLLHQLLLLFL
prn SHLRRL (the C-terminal 29 residues are
open reading trames removed during attachment of the
Cholinergic Functions glycophosphitidylinositol tail). Also presented

are the so-called cholinergic functions with which
social interactions ACHhE activity has been associated. Note that the
motor activities open reading frames (underlined) terminate
temperature control alternatively in exon 6,pseudointron 4 or exon 5,

CNS development respectively.

learning and memory

SYMPTOMS OF TOXICITY

The physiological responses to AChE-directed toxins relate to the biological roles of AChE. There are
both short- and long-term effects. The short-term effects reflect the best-understood function of
AChE, termination of cholinergic neurotransmission by hydrolysis of the neurotransmitter, ACh.
Were ACh to be constantly present, there would be no control over signal transmission between
nerves or from nerve to muscle. The sensitivity of cholinergic transmission depends upon the finely
controlled release and subsequent removal of the neurotransmitter so that each pulsed release of ACh
from the pre-synaptic axon results in one discrete wave of depolarization of the post-synaptic axon or
muscle cell. Clearly, inhibition of AChE will result in an over stimulation of cholinergic pathways.

Peripheral cholinergic responses are conventionally divided according to the nature of the
acetylcholine (ACh) receptor: nicotinic, i.e. controlling skeletal muscle function, or muscarinic,
involved chiefly in autonomic functions such as control of heart beat or salivary, lachrymal, sweat,
gastric, intestinal and exocrine pancreatic gland secretion. Both receptors participate in the central
cholinergic pathways of the brain. Sub-lethal exposure to anti-AChE agents, therefore, can cause
over-stimulation of all these pathways. In humans, fatality due to intoxication by anti-AChE agents,
results from tetany of the muscles which are responsible for breathing.

The long-term effects of anti-AChEs are only now becoming appreciated, both clinically and
experimentally. In the narrow view of AChE’s biological role there is no place for any long-term
effect. If exposure to an anti-AChE is not fatal, the synthesis of new enzyme will correct the problem
and life will continue normally. However, several properties of AChE do not fit this picture. Most
obviously, the distribution of AChE within the body is inappropriate. It is found, not only at synapses
and neuromotor junctions, sites of cholinergic neurotransmission, but also in many non-cholinergic
tissues and on the surface of erythrocytes and in other blood cells. For many years it was possible to
dismiss the presence of AChE in unexpected places as an anomaly without significance, but such
dismissal is always unsatisfying. The association of CNS complications (e.g. Stephens ef al., 1995)
and even leukemias (Brown et al., 1990) with exposure to anti-AChE agents emphasized the
inadequacy of the view of AChE’s biological role being limited to termination of neurotransmission.
Recent discoveries may indicate the source of these seemingly anomalous effects. The finding of a
whole array of proteins with sequences similar to those of AChE, yet with no catalytic capacity
suggested that AChE itself might also perform non-catalytic functions. Consequently, non-cholinergic
functions of AChE are beginning to be explored. For instance, the spatio-termporal pattern of AChE
expression during embryonic development has long been interpreted as implying a role in normal
development of the chick brain. Yet more recently, inhibitor studies indicated that the catalytic activity
of the protein is unnecessary for such role(s) (Layer and Willbold, 1995; Jones et al., 1995; Small ez
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al., 1995). The basis of this activity appears to lie in the similarity of AChE to other members of the
o/B-hydrolase fold family of proteins, the neurotactins, as it is possible to exchange the conserved
domains between AChE and neurotactin yet retain cell-cell interaction (Darboux et al., 1996).
Moreover, genetic inactivation of AChE did not prevent its neurite growth-promoting activity
(Sternfeld et al., 1998). The non-catalytic AChE-homologous proteins, the neuroligins, are known to
bind another category of proteins, the neurexins; neurexins, neuotactins and neuroligins are
transmembrane proteins with C-terminal cytoplasmic tails which enable signal transduction and thus
putatively provides the molecular basis of the complex consequences that are characteristic of these
cell-cell interactions. Researchers are now open to the recognition of non-cholinergic roles of AChE,
and more such functions will doubtless be identified in the future.

Paradoxically, one source of delayed toxicity may be increased AChE synthesis following exposure to
anti-AChEs. This rise in AChE production (Friedman et al., 1996) meets an immediate physiological
need, but its long-term effects appear to be deleterious: we have detected delayed progressive
deterioration of functions which are controlled by the central nervous system (Beeri et al., 1995,
1997) and in neuromuscular junctions of striated muscles (Andres et al., 1997) in response to an
experimental increase in level of a neuronal AChE in transgenic mice.

NATURAL NEUROTOXINS

Alkaloids

There exist in the biasphere a variety of natural agents with anti-AChE activity. The Calabar or Esére
bean, Physostigma venenosum Balf., was long known in West Africa to have pharmacological
properties (Taylor, 1996). In the last century this property was discovered to reside in an alkaloid,

o Fig. 2. Physostigmine and
q pyridostigmine. Both these
O-C-N(CHy), | Ccarbamates act as anti-

CH, Q -
| Xy 0-CNCHY,
L I JO/ l cholinesterases, but
ridostigmine is generall
N / pY g g y
<':H3 &H

+/ blood-brain barrier

N impermeable whereas
physostigmine penetrates the
brain.

3 physostigmine I pyridostigmine
CH,4

named physostigmine or eserine (Fig. 2). Much more recently, physostigmine was discovered to be a
hemi-substrate of AChE, due to its reactive carbamate group: like the normal substrate, it undergoes
the acylation reaction to form an acyl-enzyme intermediate, but unlike its action on ACh, this acetyl-
enzyme intermediate , is only very slowly hydrolyzed (Fig. 3). During the lifetime of the acyl-enzyme
intermediate, which may be of minutes to hours duration, the enzyme is incapable of any other action
and this is seen as an inhibition. It has been long known that the neurotoxicity of physostigmine

O 0 Fig. 3. The catalytic cycle
! N I + of acetylcholinesterase. In
Enz-OH + CHSC-OC2H4N(CH3)3 = El‘lZ-OCCH3 + HOCH2H4N(CH3)3 the acylation half-reaction,

the active site serine

acylation half-reaction hydroxyl group displaces
the choline moiety of the
0] 0 substrate, freeing choline

and creating an acetyl
enzyme. In the deacylation

. . half-reaction, water
deacylation half-reaction displaces the serine

H I
Enz-OCCH, + H,0 = Enz-OH + HOCCH,€

hydroxyl group from the acyl-enzyme ester bond, freeing the second product, acetate, and
regenerating the free enzyme.

depended on the mental state of the individual who was administered this poison, which served in
ordeals for detection of betrayal by virtue of its lethal properties in stressed victims (Silver, 1974).
While this seemingly indicated differential brain penetrance of the AChE inhibitor, a mechanistic
explanation of this phenomenon has only recently been offered, when the brain penetrance of
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pyridostigmine, a charged synthetic derivative of physostigmine, was shown to increase 100-fold
under psychological stress (Friedman et al. 1996). This type of temporary inhibition is typical of the
anti-AChE carbamates and is shared by the organophosphate inhibitors (described below), also hemi-
substrates, the rate of reactivation of which is even slower. The neurotoxicity of carbamate and
organophosphate AChE inhibitors becomes more important in view of their recent introduction as
Alzheimer’s disease drugs (Davis et al., 1993; Enz et al., 1993).

The investigation of folk medicines for clues to the treatment of Alzheimer’s disedse uncovered the

natural product, huperzine (Fig. 4), an alkaloid from the clubmoss Huperzia serrata, an extract of
which has been known to traditional Chinese medicine for the treatment of memory loss in the aged
(Hanin, Tang and Kozikowski, 1991). It is a reversible inhibitor of AChE.

Fig. 4. huperzine A. This alkaloid is a strong inhibitor of AChE

3 (Saxena et al., 1994; Raves et al, 1997), and as such was tested in
myasthenia gravis (Cheng, et al. 1986) and dementia (Zhang et al,
1991; Xu et al., 1995). The results, especially in the latter trials,
were promising and reported side effects were minor and few.

Another category of natural toxins are the alkaloids of the Solanaceae (Fig. 5), a family that includes
such common food plants as the tomato, potato and eggplant (Harris and Whittaker, 1962; Roddick,
1989). The toxicity of these alkaloids is sufficiently low that they pose no serious problem to most
people, although some individuals appear to have an intolerance to them. Whether or not this
intolerance has a genetic basis is an unexplored issue.

Fig. 5. a-Solanine. An example of the
glycoalkaloid inhibitors of AChE. The aglycone,
solanidine, in which the trisaccharide is removed,
is also an AChE inhibitor. The inhibition by these
alkaloids is not all that thoroughly studied, but their
chemistry is inconsistent with their being hemi-
substrates and so they are most probably
competitive inhibitors of AChE.

glu-gal

tha

Organophosphates
Some species of blue-green algae produce natural organophosphate compounds which are AChE

inhibitors (Fig. 6, Carmichael, 1994). These compounds are important because of their neurotoxic
effects on cattle which drink contaminated pond water.

_CHy Fig. 6. Anatoxin-A. In the absence of experimental evidence, one must
HN/Y\N presume that anatoxin-A acts by phosphorylating the active site serine of
- “ch, | AChE, as do the better known synthetic organophosphates.

N
Vi 0
HN |
-O-{I’-OCHs
o}
Proteins

The venom of the green mamba, Dendroaspis angusticeps, includes, among other toxins, a protein
factor that causes muscle fasciculations and was named fasciculin (Karlsson et al., 1984). This
protein is, in fact, two closely related 7 kDa toxins, fasciculin 1 and fasciculin 2. Both belong to the
class of three-fingered toxins and bind to human AChE with a dissociation constant of 10" M. The
AChEs of some insect and snake species, and also of chicken, have much lower affinities for
fasciculin than those of mammals (Duran et al., 1996). X-ray crystallography studies on the mouse
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(Bourne et al., 1995) and Torpedo (Harel et al., 1995) complexes of AChE with fasciculin illustrate
how attachment of the toxin to the peripheral anionic site and the opening of the active site gorge
blocks its activity.

Arsenite

Arsenite (Fig. 7) is a small yet potent inhibitor of AChE (Thompson, 1947; Mounter and Whittaker,
1953). It is a toxin sometimes found in the environment, and also can be generated in most tissues by
reduction of the more common arsenate (Rosen, 1995). The best-known biological activity of arsenite
is against lipoic acid-containing oi-keto acid dehydrogenases, notably pyruvate and a-ketoglutarate
dehydrogenase. At the physiological level, arsenite has been shown to produce a generalized stress
response (Ovelgonne et al., 1995). While this was attributed to metabolic inhibition by arsenite, it is
noteworthy that arsenite also has a specific activity against AChE. Its rate of inhibition shows second
order kinetics and the complex dissociates to create an equilibrium of active and inhibited forms (Ki =
10 uM), the degree of inhibition depending upon the arsenite concentration (Wilson and Silman,
1977). Presumably, the binding is in the vicinity of the active site, but the details are obscure.

| Fig. 7. Arsenite. In binding of arsenite may be stabilized by electrophilic groups, such
/O as oxygen atoms of AChE amino acid side chains.

Delayed neurotoxicity of excess AChE

Just as inhibition of AChE results in immediate neurotoxicity by upsetting the balance of factors that
regulate the amount of ACh released into a synapse and its persistence there, so an excess of AChE
can also upset that balance and result in characteristic delayed pathologies. Such has been our
experience with a strain of transgenic- mice into which we have introduced the human AChE gene and
which express the gene in their central nervous system. With time, cognitive functions of the central
nervous system (Beeri et al., 1995), dendritic branching of brain neurons (Beeri ef al., 1997) and
neuromuscular functioning (Andres et al., 1997) of these mice deteriorate. Since AChE inhibitors
cause a feedback over-production of AChE (Friedman et al., 1996) it is possible that the delayed
consequences of such inhibitors are due to this delayed AChE excess.

SYNTHETIC NEUROTOXINS

Alkaloids

When the analgesic activity of leaves of Erythroxylon coca was found to reside in the alkaloid,
cocaine, there was an effort to create in the laboratory related compounds which would have enhanced
or more selective activity. Thus compounds such as dibucaine were developed as local anesthetics.
Although the principal action of these agents is on nerve conduction, they are also inhibitors of AChE,
albeit with relatively high Ki values (3.9 mM for cocaine, 0.7 mM for dibucaine). Both alkaloids are
much more effective inhibitors of butyrylcholinesterase (Loewenstein-Lichtenstein et al., 1996),
which also slowly hydrolyzes cocaine (Ritchie and Greene, 1990).

Pesticides and chemical warfare agents

The fact that animals, unlike plants, have a nervous system provides the rationale for development of
anti-AChE agricultural pesticides. These generally fall in two chemical categories, the carbamates and
the organophosphates. Both are mechanistically hemi-substrates, and as mentioned, they are
reversible, but the rate of reversal is too slow to prevent fatalities. In the case of the
organophosphates, the phenomenon of “aging” converts the slowly reversibly inhibited enzyme to an
irreversible complex. Aging has been shown to be the hydrolytic removal of one of the alkyoxy
substituents of the complex (Fig. 8).

O oR O oH Fig. 8. Aging of organophosphate-inhibited AChE. The
f H:0 i > o Tk X i .
enz-o/ 2, g0’ +HO-R| enzyme-phosphodiester is resistant to further hydrolysis,
N\ OR N\ OR so the aged complex represents permanently inhibited
AChE.

In the field, both carbamates and organophosphates (Fig. 9) are somewhat unstable, as they slowly
hydrolyze. Non-persistence in the environment is, of course, an attractive feature of these agents.
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Because of the interest in anti-AChEs as pesticides, there is an extensive literature on insect AChEs
and their resistance to these agents (e.g. Toutant, 1989; Feyereisen, 1995). It is worth noting that
certain insect species have developed a resistance to AChE inhibitors by mutating their AChE to
minimize interaction with such poisons, and other insects have achieved the same result by
amplification of the ACHE gene (Fournier et al., 1993; Loewenstein ez al., 1993).

A. carbamate pesticide - generic structure Fig. 9. A. the generic structure of
carbamate pesticides. B, the generic

O-g-N-R structure of organophosphate AChE
CH o inhibitors; e.g. the pesticide
cH’ X tetraethylpyrophosphate, X =
8 O(PO)(OC,H,), R =R’ = OC,H; and
P the chemical warfare agents sarin X =

F, R = CH,;, R’ = OCH(CH,), and
tabun X = CN, R=OC,H,, R’ =
N(CH,),. Shown below are the

B. organophosphate inhibitors

S
O CHO i I
i R N B .5-CH-C-0C Hs structures of the organophosphate
X - P cHo” o pesticides malathion and parathion, and
R MU S S of paraoxon, the toxic metabolite of
malathion 7C-0CHs parathion, which is produced in insects,
CHO s CHO 0 but which is not produced in mammals.
N p-0 NO. 20N pP-0 NO
yd \ 2 e 2
C2H50 parathion CszO paraoxon

The use of organophosphates has been instrumental in dissecting the mechanism of AChE and of
other hydrolytic enzymes. When esterase activity was detected in trypsin, a contaminating esterase
was suspected. To test this possibility, diisopropylflurophosphonate (DFP, Fig. 9b, X =F,R = R’ =
OCH(CH,),), which was known as an inhibitor of AChE and presumably of other esterases, was
used to inhibit the putative esterase contaminant. Surprisingly, it inhibited not only the esterase
activity, but also the amidase activity of trypsin. Subsequent experiments on both trypsin and
chymotrypsin revealed the phosphate moiety of DFP to be in a covalent bond to a single particularly
reactive serine hydroxyl group, and that these proteases hydrolyze their substrates via a two-step
mechanism in which the acyl moiety of the substrate is first transferred to the serine hydroxyl group
and is then hydrolyzed (Jandorf et al., 1955). Parallel experiments on AChE then demonstrated that
the same mechanism pertains to it. Thus, the organophosphates as a group are not exclusively anti-
ACHE reagents, but the specific substituents on the phosphorus atom can make them more selective
ACHhE inhibitors.

In principle, there is no difference between the action of anti-ChEs on agricultural pests and their
action against humans, and millions of cases of accidental poisoning by these materials are reported
each year (WHO, 1986a,b; Klaasen, 1996). In a more sinister vein, organophosphates were
deliberately developed as chemical warfare agents (CWAs). In fact, this category of CWA, unlike the
mustards which were widely used in World War I and in several more recent instances, appears to
have been used only on few occasions: in Kurdistan (Hu et al., 1989) and in Japan (Morita et al.,
1995; Suzuki, 1995). The manufacture and stockpiling of these agents however, is much more wide-
spread. The threats of accidental exposure to pesticides and of deliberate exposure to CWAs has
stimulated a search for therapeutic strategies (below).

Therapeutic uses of anti-acetylcholinesterases

Anti-AChEs have found therapeutic niches. For over a century anti-AChE agents have been used to
treat glaucoma and myasthenia gravis and to stimulate gastrointestinal motility. These agents have
included physostigmine, echothiophate, pyridostigmine, DFP, neostigmine, tetracthylpyrophosphate
and paraoxon (Leopold and Krishna, 1963; Taylor, 1996; Millard and Broomfield, 1995; Evoli et al.,

1996).
When Alzheimer’s disease was recognized as a deficiency in the cholinergic system (Coyle et al.,

1983), the therapeutic use of anti-AChEs was suggested. Several compounds were tested, among
them physostigmine and several of its derivatives, the Eisai/Pfizer drug, Aricept™ (a.k.a. donepezil,
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E2020) , a compound developed by Sandoz (Exelon™, a.k.a. ENA 713), Cognex™ developed by

Parke-Davis (a.k.a. tacrine, tetrahydroaminoacridine, THA) and trichlorfon (metrifonate), by Bayer
(Fig. 10). All are in current use, but there is most experience with tacrine, the first of these to be
approved for treatment of Alzheimer’s disease. Besides the expected peripheral cholinergic

Fig. 10. Several anti-cholinesterases
currently being used to treat Alzheimer’s

P .
0 N7 2 disease.

I CH
NH,4 )
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B. ENA 713 (Exelon)

(0]
CH
©\/ O/\O// ~ 0O - ?
C. donepezil (Aricept)

CHgo Q OH
P-CHCClg

CH30 . trichlorfon (metrifonate)

hyperactivity (gastric upset, diarrhea, constipation), the most serious reported side-effect is
hepatotoxicity, typically detected as elevated alanine aminotransferase activity (Farlow et al., 1992;
Keltner, 1994; Watkins et al., 1994; Weinstock, 1995). This is reversible, and subjects, up to 30%
of study groups, who experience such evidence of hepatotoxicity, are obliged to withdraw from
tacrine treatment. There is much less experience with donepezil, a newer experimental Alzheimer’s
disease drug, but it is reported to be without evidence of hepatotoxicity (Rogers and Friedhoff, 1996),
perhaps because it functions at much lower doses. The latest-approved (in Switzerland) drug for the
treatment of Alzheimer’s disease is Exelon™, and is also reported to have low toxicity (Weinstock et
al., 1994). ENA 713 has also been reported to be efficacious in promoting recovery from
experimental closed head injury (Chen et al., 1998). Metrifonate is reported to be effective and
relatively safe in initial clinical trials (Becker et al., 1996). :

The advent of antisense technology has opened the possibility of using this novel approach to
suppress AChE (Fig. 11). When designed to block AChE production, antisense

AS-ODN 20 b Fig. 1. AS-ODNmRNA. Unlike enzyme
Fe— ¥ inhibitors, such AS-ODNs are designed to
e » 3| suppress the level of both AChE activity
and the amounts of the AChE protein.

AChEmRNA 2 kb

}

protein

oligodeoxynucleotides (AS-ODNs) may become highly selective anti-AChE drugs. In
cases where AChE is in relative excess, this can to restore a balance in the cholinergic
system. In fact they are potentially specific in a way that no enzyme inhibitor could
ever be; as they interact with a unique nucleotide sequence they suppress the total
level of the protein, not merely inactivate its catalytic activity. This would prevent
adverse effects due to excess protein, which may retain its non-catalytic activity even
as its enzyme activity is inhibited. In light of the increasingly appreciated non-
enzymatic effects of AChE (Jones et al., 1995; Layer and Willbold, 1995; Small et
al, 1995; Darboux et al, 1996; Inestrosa et al., 1996; Sternfeld et al., 1998), this
feature of antisense inhibition is most attractive. In preliminary experiments (Grifman
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and Soreq, 1997 and unpublished data), two out of 7 tested AS-ODNs designed to
hybridize with rat ACHEmRNA suppressed AChE activity in NGF pre-treated PC12
by over 50%, while leaving cell numbers unaffected. Furthermore NGF-stimulated
cells which had been transfected with a plasmid encoding an antisense ACHEmRNA
had half as many neurites per cell as control cells and this deficient phenotype was
reversible by re-addition of AChE (Grifman et al., 1997b).

STRATEGIES FOR COUNTERING EFFECTS OF ANTI-
ACETYLCHOLINESTERASES

Therapeutic mechanisms

The on-going problem of accidental poisoning by pesticides and the threat of chemical warfare have
spurred the development of antidotes to anti-AChEs. The realization that there is a very slow
regeneration of AChE activity following reaction with hemi-substrates, prompted a search fora
nucleophile more effective than water or hydroxyl ion in cleaving the phosphoryl-enzyme
intermediate, in which the enzyme is trapped during inhibition. A systematic structure-function study
resulted in pyridine-2-aldoxime methiodide (2-PAM, Fig. 13), which has received much use in
treating accidental poisonings. A new generation of similar agents, .g. HI-6,

Fig. 13. Pyridine-2-aldoxime methiodide (2-PAM). The molecule was
X designed to fit the active site of AChE, as it was then understood: the
pyridinium group was complementary to the cationic site of the enzyme
[ and the hydroxy! group of the oxime would displace the acyl or

+/ =N phosphoryl group of the blocking carbamate of organophosphate inhibitor,
'[\' CH respectively (Wilson et al., 1958).
CH3 I”

1-(2"-hydroxyiminomethyl-1'-pyridinium)-3-(4"-carbamoyl-1"-pyridinium)-2-oxapropane dichloride
and HI6-7, (pyridinium, 1-[[[4-'(‘aminocarbonyl)pyridino]methoxy]methyl]-2,4—bis[(hydroxyimino)
methyl]diiodide), have refined the adaptation to the chemistry of AChE. T he effectiveness of this
approach is limited by aging (above), which converts the reversibly-inactivated AChE to an
irreversibly inactivated form.

A different strategy to protection against CWAs has been to use a synthetic physostigmine derivative,
pyridostigmine, as a prophylactic in anticipation of exposure to CWAs. This was employed during the
1991 Persian Gulf War. The theory was that temporarily tying up AChE with pyridostigmine would
make it unavailable for reaction with an organophosphate CWA. The slow regeneration of AChE from
its complex with pyridostigmine would then restore the normal state. The impressive protection
offered by pyridostigmine, however, is maximal after a few hours, which implies that it may reflect
over-production of AChE due to a feedback response (Friedman et al., 1996; Kaufer et al., 1998).
Both 2-PAM and pyridostigmine are usually used in conjunction with atropine, a muscarinic ACh
receptor antagonist, which prevents the hyperexcitation caused by an excess of ACh. In another
prophylactic approach, mimicking its putative natural role, BuCheE itself has been given to
experimental animals, and has been shown to provide protection against anti-AChEs (Broomfield et
al., 1991; Raveh et al., 1993; Wolfe et al., 1994; Genovese and Doctor, 1995).

Natural mechanisms
As with any persistent threat to life, particularly those which are pervasive in the biosphere, over time

there have evolved biological strategies for dealing with it. Several factors act to protect individuals
from anti-AChEs.

Judging from the toxic symptoms of AChE poisoning, the most vulnerable AChE is that of
neuromuscular junctions (NMJs). Its complete blockade causes asphyxia, and death. However,
before an environmental anti-AChE can reach the NMJ, it usually must pass through the bloodstream.
There it will encounter AChE on the surface of erythrocytes. This AChE is equally reactive as the
NMJ AChE:; once reacted with AChE of the blood, an anti-AChE is inaccessible to the AChE of
NMJs. From this point of view, blood AChE acts as a scavenger which protects the nervous system

AChE.




Another protection in the blood is the homologous enzyme, butyrylcholinesterase (BuChE, EC
3.1.1.8). This enzyme is very similar to AChE in structure and activity (Fig. 12), but has a much
wider range of affinities, for both substrates and inhibitors (Soreq and Zakut, 1993). Unlike AChE, it
appears to have no vital role (there are natural inactive mutations of human BuChE which confer no
apparent phenotype).

BCHE Fig. 12. BCHE, the butyrylcholinesterase gene, has been localized to
3q26ter by in situ hybridization (Gnatt et al., 1990), and has a gene
structure very similar to the homologous ACHE (Fig. 1). Although,
unlike ACHE, it has a single transcript, there is considerable variation in
its biological appearance due to a high frequency of mutations, some of
which have no enzymatic activity, but more commonly have lower affinity
for substrates and inhibitors (Whittaker, 1986; Soreq and Zakut, 1993).

Consequently, it has been proposed that BuChE exists primarily to screen out potential inhibitors of
AChE. Serum BuChE, like erythrocyte AChE, can prevent anti-AChEs from reaching the NMJ. We
have calculated that about 25% of cholinesterase of whole blood is AChE and 75% is BuChE
(Loewenstein-Lichtenstein, et al., 1995). Furthermore, as AChE is a component of erythrocytes,
which have a life-time of about 120 days, it must turnover much more slowly than BuChE, which is
secreted by the liver into the blood. The importance of BuChE in blocking the actions of anti-AChEs
is demonstrated in cases of individuals who are homozygous for the “atypical” BuChE variant. This
enzyme has much lower affinity for a number of naturally occurring anti-AChEs, among them .-
solanine and cocaine, and a slower reaction rate with pyridostigmine (Loewenstein-Lichtenstein et al.,
1995, 1996). This nicely accounts for the reported case of such a homozygous individual who was
treated with pyridostigmine and suffered a variety of CNS symptoms. The most likely explanation for
this phenomenon is that his variant BuChE did not attenuate the effects of pyridostigmine and he
therefore received an unintendedly high dose of the drug. This case also illustrates the poorly-
understood long-term effects of anti-AChEs, such as the reported insomnia, weight loss, general
fatigue and deep depression.

Another accommodation to the presence of anti-AChEs may be the enhancement of the remaining
AChE by phosphorylation (Grifman et al., 1997a). This has been shown in vitro to raise the activity
of AChE up to 9-fold, although the physiological significance of this phenomenon has yet to be
explored. If, in fact, the body can rapidly expand its level of AChE activity, faster than the synthesis
of new protein, this would provide considerable protection against anti-AChEs. Allosteric modulation
and substrate inhibition of AChE had also been reported (Changeux, 1966, Barak et al., 1995), but
no physiologically significant scheme for controlling AChE activity has yet been demonstrated. As
phosphorylation is the most frequently seen post-translational mechanism of control of physiological
processes, it is perhaps not surprising that phosphorylation has been demonstrated to affect AChE
activity.

In the very special case of the snake venom anti-AChE, fasciculin, it seems that cobra AChE varies
from more vulnerable AChEs in the identity of amino acids at several of the sites where fasciculin
interacts with it, thus decreasing its affinity for the neurotoxin by several orders of magnitude (Duran
et al., 1996). In this case, mutation of AChE protects the organism from an autologous poison
targeted to a victim’s AChE. But in the more general case, there can be a pronounced species
difference in the sensitivity of AChE to anti-AChE agents. In one case we found a greater than 2-
orders of magnitude difference in sensitivity of human vs. Xenopus laevis AChE to paraoxon
(Seidman, 1995).

The low level selective pressure of environmental anti-AChEs may have led during evolution to higher
frequency of cholinesterase variations. This may have been limited, so far, to rapidly proliferating
species (e.g. insects), as anti-AChEs have been widely used only for several decades. Indeed, there is
very little variation among humans in their AChE. Only one variant enzyme is known; it is
catalytically identical to the wild-type enzyme, but is responsible for a minor blood group, Y".
Perhaps because BuChE acts as a decoy to side-track anti-AChEs, its gene shows a great deal of
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polymorphism, with considerable geographic variability. The principal variant, “atypical” BuChE, has
a world-wide allele frequency of about 5% (Whittaker, 1986), but this average masks a variation from
nearly 0% in sub-Sahara Africa to about 10% in Jews of Persian and Caucasian origin (Ehrlich et al.,
1994). “Atypical” BuChE has a lower affinity for many of the natural anti-AChEs, a-solanine (Fig.
5), among them. There can be no decisive explanation of this variation, but one which has been
offered is that BuChE, like AChE, has a role in development. It is known to be expressed earlier in
embryonic life than AChE, which lends some probability to this postulation. The fact that “atypical”
BuChE binds o-solanine, for instance, more weakly than the wild-type enzyme means that under
pressure of persistent levels of a-solanine, the “atypical” variant would be less inhibited, and more
likely to play its developmental role. This may explain the co-incidence of relatively high levels of the
“atypical” allele with the traditional use of Solanaceae food plants in places like the Middle East, and
possibly parts of South America. Other correlations that have been reported are the lower than
expected frequency of the “atypical” allele in cases of death from heroin overdose (Salmon et al.,
1997) and among problem pregnancies (Sternfeld et al., 1997).

Other potential mechanisms for natural protection from anti-AChEs

Cholinergic intoxication due to AChE inhibition would naturally cause stress symptoms, and it is not
surprising that the ACHE promoter includes over 20 cellular stress-responsive STRE elements
(Martinez-Pastor et al., 1996). Their prominence in the ACHE promoter suggests overproduction of
AChE in circumstances associated with hypercholinergic excitation, particularly following exposure to
anti-AChEs. It is conceivable that the rate and efficiency of such transcriptional responses exert a
selective advantage on those species or individuals who are capable of such a response. Indeed, we
do not know if Xenopus frogs are generally resistant to anti-cholinesterases because of special
properties of their enzyme, which has not yet been adequately studied, or due to a rapid feedback
response, such as AChE phosphorylation or overproduction. Likewise, one may predict natural
intraspecies polymorphisms in the ACHE promoter which dictates excessive resistance -- or dramatic
adverse reactions -- to such toxins. The neurotoxic effects of anti-AChEs are therefore only
superficially recognized at present, with exciting revelations awaiting molecular neurogenetic studies.
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Summa

Cholinesterase inhibitors (anti-ChEs) include a wide range of therapeutic, agricultural and
warfare agents all aimed to inhibit the catalytic activity of the acetylcholine (ACh)
hydrolysing enzyme acetylcholinesterase (AChE). In addition to promoting immediate
excitation of cholinergic neurotransmission through transient elevation of synaptic ACh
levels, anti-ChEs exposure is associated with long-term effects reminiscent of post-
traumatic stress disorder. This suggested that exposure to anti-ChEs leads to persistent
changes in brain proteins and called for exploring the mechanism(s) through which such
changes could occur. For this purpose, we established an in vitro system of perfused,
sagittal mouse brain slices which sustains authentic transcriptional responses for over 10 hr
and enables the study of gene regulation under controlled exposure to anti-ChEs. Slices
were exposed to either organophosphate or cabamate anti-ChEs, both of which induced
wirthin 10 min excessive overexpression of the mRNA encoding the immediate early
response transcription factor c-Fos. Twenty min later we noted 8-fold increases over
conirol levels in AChE mRNA, accompanied by a 3-fold decrease in the mRNAs encoding
for the ACh synthesizing enzyme choline acetyltranferase (ChAT) and the vesicular ACh
transporter (VAChT). No changes were detected in synaptophysin mRINA levels. These
modulations in gene expression paralleled those taking place under in vivo exposure. Of
particular concern is the possibility that feedback processes leading to elevated levels of
brain AChE may be similarly associated with low-level exposure to common
organophosphorous anti-cholinesterases, and lead to long-term deleterious changes in

cognitive functions.
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Introduction

Inhibitors of cholinesterases (anti-ChEs) are routinely employed for an increasin_g
variety of clinical applications (e.g. as Alzheimer’s disease drugs, muscle relaxants of
prophylactics in anticipation of nerve agents attack), This trend adds to their traditional use
as agricultural or household insectecides and to their malphamous use as chernical warfare.
agents (for reviews see [1,2]). In all of these applications, the aim is to rapidly enhance the
levels of synaptic acetylcholine (ACh) through inhibition of the hydrolytic capacities of
cholinesterases (ChEs), specifically acetylcholinesterase (AChE, acetylcholine acetyl
hydrolase, EC 3.1.1.7). However, acute poisoning by anti-ChFEs, especially

organophosphates (OPs), was reported to cause deleterious long-lasting consequences to

the mammalian central nervous system (CNS). In animal studies, exposure to OPs leads to
long-term changes in CNS structure and function [3,4]. In humans, early studies [5-7]
failed to show long-term sequelae to OP exposure, prehaps due to lack of matched controls
i or incomplete data and statiatical analysis ( for review of these issues see [8]). However,
later studies reported impairments in motor control as well as in high cognitive functions
sheh as memory, verbal and visual attention, abstraction and mood [8,9].

The mechanisms underlying the long-term changes induced by OP poisonings are
not yet undersrood. Neuronal death due to severe epileptic discharge and excitotoxicity

were suggested to play a crucial role in the neuropathological process following OP

poisoning [10], and is known 1o be accompanied by upregulation of the early immediate
transcription factor c-Fos [11,12]. However, evidence for long-term neurological sequelae
has also been reported in human and rodent cases following low-level exposure to OPs,
without clinical signs of seizures [13,14). The complexity, delayed onset, and permanent
nature of OP-induced CNS effects alludes for intricate changes in gene expression and
called for exploring the molecular mechanism(s) underlying such changes. Recently, we

initiated the nse of sagittal hippocampal brain slices for testing the effects of anti-ChEs on
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brain gene expressionl 15,16]. In the present study, We compared the ranscriptional
fecdback responses involving key cholinergic genes following anti-ChEs exposure in-vitro
and in-vivo to those induced by acute psychological siress.

Brain slices: Mice were sacrificed by decapitation, with brains quickly removed into ice-
cold artificial cerebrospinal fiuid (aCSF) (124 mM NaCl, amM KCl, 2mM MgSO, 123
. mM NaH,PO, 26mM NaHCOs, 10mM D-glucose, amM CaCl,; pH 7.4) continuously
| samrated with 95% 0,/5% CO» Corticohippocampal slices (400 pm thick) were cut using
a vibratome (Vibroslice, Campden Instruments, Loughborough, UK), and were placed in 2

humidified holding chamber, continuously perfused with oxygenated (95% Oy, 5% COy '’

aCSF at 37°C. At the noted experiments DFP, pyridostigm'me or other inhibitors Wer®

added to the incubation solution at the concentrations noted in the text.
RNA exiraction : Mouse brains were quickly dissected or sliced and tissues Were collecred
into liquid pitrogen, homogenized using a Thomas glass homogenizer and RNA extracted
‘ by the guanidinivm thiocyanate RNA-Clean” method (AGS,Heidelberg,Germany).
i Kipetic follow up of RI-PCR: PCR producté were sampled every third cycle,
o electrophoresed, and stained with ethidium promide. Products from 6 consecutive cycles

are presented for each expedmental group and primer pair. A difference of one in the first

cycle of appearance of product is taken to represent an g.fold difference in the initial
concentration of that specific RNA. The following selective primer pairs were used: For
ACHE: 3754/1160- ; For ChAT: 83+/646-; For VACHT: 1412(+)/ 1912(-); For c-fos:
1604+/1306-; and for synaptophysin: 212+/660- (numbers denote nucleotide positions in

the corresponding Genebank ¢cDNA sequernces)- Densitometric analysis of band intensity
was performed on ethidium-bromide stained agarose gels using the Adobe Photoshop™

software (Adobe systems Inc. San Jose, CA).
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S To dissect the molecular processes taking place in the mammalian brain following
cholinergic excitation we adapted sagittal cortico-hippocampal brain slices amenable to
L electrophysiological analyses [17], for use with molecular biology approaches.Using this
r apparoach, we; were able to determine the effects of cholinergic activation op specific
transcriprional pathways. Brain slices maintained in vitro, yielded intact RNA displaying
the expected 2:1 ratio between 28 and 18 S ribosomal RNA bands (Fig. 1A). Moreover,
reverse-transcriptase PCR (RT-PCR) amplification revealed that these slices maintain stable
1.; levels of several gene products for at least 11 hours, Examined mRNAs included those
p encoding a synaptic structural protein (synaptophysin), an early immediare gene (the
! oncogene c-Fos) and cholinergic associated genes (AChE and the ACh synthesizing
enzyme choline acetyltransferase (ChAT)) (Fig. 1B). This in vitro system enabled us to
perform pharmacological manipulations aimed to affect cholinergic neurotransmission and
: test their effects using electrophysiological recordin gs and molecular analyses in parallel.

The above brain slices were incubated with AChHE inhibitors, either

organophosphates (e.g. diisopmpylﬂuorophosPhonate (DFP), 1 uM) or carbamates (e.g.

-

physostigmine, 10 M), Electrophysiological recordings revealed clear and dramatic
responses. Both anti-ChEs induced increases in the amplitude and rate of rise of evoked
population spikes in the CAl area of the hippocampus, in response to stimulation of the
Schaffer Collaterals (Fig. 2A). This enhancement in summated neuronal activity
demonstrated directly the increased excitability of the local circuitty following AChE
blockade, with no  evidence for the characteristic hyper-synchronized epileptic
discharge [18]. Within 10 min, dramatic increases were observed in levels of the mRNA
encoding the early immediate transcription factor c-Fos (Fig. 2B). The presence of c-Fos
binding sites in the promoters of genes encoding key cholinergic elements, such as AChE

[19,20], and ChAT [21] suggested thar elevated c-fos might modulate transcription from
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these downstream genes. Indeed, 20 min later a prondunced increase in AChE mRN A, and
a more limijted decrease in ChAT mRNA levels was seen. No changes were detected in the
mRNA encoding the synaptic vesicle protein synaptophysin (Fig. 2B), alluding to the
specificity of the observed changes. Similar transcriptional modulations were also observed
under in vivo exposure to ChE inhibitors. Thus, intraperitoneal injection of a variety of
AChE inhibirors, including DFP, pyridostigmine and physostigmine, all induced increases
in ¢-Fos and AChE mRNAs while decreasing ChAT mRNA levels.

Mice Subjected to acute psychological stress provide another in vivo model
involving activation of central cholinergic fibers and transient ACh release. Therefore, we
compared the effects elicited by stress (forced swimming model[ 15,16]) to those of anti

ChEs exposure, This coniparison offerred an opportunity to compare the Iniensity of

response elicited by a single stress treatmenr to the response induced by anti-ChEs. To this
end, we measured the fold-increase in AChREmRNA levels following either of these insults.
Densitometric analyses of RT-PCR data revealed a dramatic 8-fold increase in ACHE
mRNA levels under exposure to anti-ChEs, as compared to a more moderate 2- fold
increase induced by psychological stress (Fig. 3). In contrast, both mRNA transcripts from
the cholinergic locus, including ChAT and the vesicular ACh transpotter (VAChHT) genes
[22] were reduced similarly by either stress or anti-ChEs (Fig. 3). These changes were
prevented in slices subjected to blockade of synaptic transmission by the Na™ channel

blocker tetrodotoxin, and by 1,2-bis(2-aminophenoxy)-ethane-N,N,N’,N’-terra-acetic

acid-acetoxymethyl ester (BAPTA-AM) which prevents the intracellular accumulation of
Ca*™'S, Synaptophysin mRNA levels remained unchanged under all the conditions checked
(Fig. 3). Thus, the AChE gene responds rapidly, specifically and dramatically to anti-ChE

exposure.
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In vitro and in vivo use of anti-ChEs, &8 well as psychological stress revealed
that parallel molecular changes 1ake place after acute cholinergic activation. These changes
occur in the absence of observed seizures (under the SUESS treatment) and with 1o
> electrophysiological evidence for hypersynchronized epileptic discharge (in the brain
| slices). Our results indicate qualitatively imilar changes in the expression of key
cholinergic proteins under exposure o pyridostigmine or DEP as well as in stress

situations. Consequently, one would expect long-term suppression of cholinergic

%

peurotransmission following cholinergic hyperactivation episodes of various Origins.
Unexpectedly, our findings indicate that even moderate changes in neuronal excitability,
unaccompanied by the hypersynchronized activity that is the hallmark of epileptic
discharge, may jead to overt modulations in brain gene expression.

A putative chain of events following cholinergic hyperactivation, that is compatible
with our findings is presented in figure 4. AChE inhibition leads 1o increased levels of
ACh, which then activates pre and post-synaptic ACHh receptors in 2 larger no. of neurons
than those activated under normal conditions. As ouf electrophysiological recordings
suggest, this increase in rthe number of neurons firing action potentials leads to increased

population spike amplitudes in response to constant electrical stimulation. The consequent

depolarization and Ca™ influxes eventually cause, via Ca™ responsive elements (CRE) in
the ¢-fos promoter, elevated c-fos mRNA levels [231. This, in turn, modulates the
transcription of downsiream genes encoding for AChE, ChAT and VACHT.

The immediate effects of OP exposure have been traditionally atrributed to their ant-
ChE activity. In contrast, the long-lasting consequences of OP intoxication Were
interpreted as reflecting non-AChE related effects of these compounds. Based on the OP-
induced electric excitation and the subsequent suppression observed in our experiments

[16], we now conclude that both the short- and long-term effects of anti-ChEs may result
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agents can interact with additonal
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this does not occlude the possibility that OP

nervous system proteins. Indeed, it wag recently

reported that some OPs (such as paraoxon, malathion, VX, DFP), certain carbamate anti-

ChEs (e.g. physostigmine and neostigmine),
effects on multiple brain proteins. These include blockade

activation or blockade of nicotinic, g

An interesting

lutamatergic and gabaergic receptors [24-28].

and amino acridines like Tacrine exert direct

of muscarinic teceptors and

phenomenon which may provide a possible explanation to the long-

term effects is seen in the different pattemns of response of the AChE gene versus that of the

ChAT and VACHKT genes .

similar iz vivo in the stressed brain, and in vitro under anti-

The suppression of ChAT and VACHhT mRNA levels was

ChEs exposure. We therefore

predicred that the downregulation of ACh production and packaging (which should be the

consequence of such transcriptional response) is likely caused by the initially elevated ACh

levels that take place both under stress and anti

mRNA [evels, however, was much more pronounced under anti-

-ChEs exposure. The increase in AChE
ChEs than in the stressed

brain. This suggests that in addition to the effects of ACh, an autologous feedback

response could regulate transcriptional elevation from the ACHE gene through AChE-anti-

ChE complexes acting on signalling intracellular pathways.

Complexes of an extracellular protein like AChE could affect intracellular

transcriptional signals through their similarity to complexes of neuronal proteins with

extracellular domains resembling AChE in their Sequence and presumed folding

[29-31]. Unlike ACHE, other ACKE

properties

Cytoplasmic regions capable of interacting with intracellular signaling proteins,

-like proteins all include ransmembrane domains and

such as

members of the PDZ family [32,33]. At their extracellular ACHhE-like domains, some of

these proteins interact with members of the neurexin family,

transmembrane domains and PDZ-interacting cellular regions®"

which are also equipped with

. Moreover, cholinesterasic

domains were shown to functonally replace the parallel regions in their homologons

proteins, exerting non-catalytic cell adhesion properties [34). It is therefore most likely that
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in addition to its catalytic capacity, AChE interacts with target proteins on the neuronal
plasma membrane which can transduce intracellular signals. Such interactions mght
explain the intensity of the anti-ChE responses, as they add upon the signals induced by
elevated ACB levels. Altogether, anti-ChE exposure may be perceived as an especially
acute stress event, explaining the similar symptoms of anti-ChE exposure and post-
traumatic stress disorder [35,36].

Our recent studies demonstrated that the Ca™ dependent-feedback response to OP
exposure leads to massive accumulation of the AChE protein and suppresses the
physiological hyperexcitation induced by anti-ChEs through a muscarinic mechanism [16].
Together, these studies provide a logical explanation to the long-term sequelae of human
intoxication with anti-ChEs, including impaired memory, difficulty in maintaining alertness
and attention, linguistic disturbances, depression, anxiety and irritability [37,38]. That
signs for cognitive impairments were also observed in mice overproducing ACHE in brain
neurons [39,40] suggests that they may reflect AChE overproduction. AChE-rransgenic
mice display tolerance to the hypothermic effects of paraoxon, which resembles early
reports of DFP tolerance [41,42] and may provide a novel explanation to the protective
effect of pyridostiemine from nerve agents [15,16]. Therefore, our findings raise the
possibility that chronic use of anti-ChEs may cause deleterious long-term consequences

masking their short-term usefulness.
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Figure legends:

Fie. 1. Cortico-Hippocampal slices retain stable RNA composition for over 10 hrs.

A.. Sustained integrity of ribosomal RNAS.
Sagittal slices (see scheme, left) were maintained under perfusion at 37°C as detailed under

Methods. RNA was extracted from slices removed afier the noted incubation periods, using
RNA clean (AGS,Heidelberg, Germany), subjected to agarose gel electrophoresis and
stained with ethidium bromide. Note the sharp bands representing intact 28S and 18S
ribosomal RNA (right). '

B. Stable levels of various mRNAs.

The noted mRNA transcripts were reverse-transcribed using 200 ng samples from total

RNA preparations. Extractions were preformed on up to 4 slices, pooled from more than

one mouse. The corresponding cDNAs were PCR-amplified as detailed'® and samples

removed at the noted cycle Nos. AChE, acetylcholinesterase; Syn, synaptophysin ; ChAT,

choline acetyl transferase and c-fos mRNA displayed consistent first cycle of appearance up
~ to 11 hrs incubation.

isure 2. Qrgano sphates and carbamates modulate cholinergic neun transmission and

gene expression similarly

A. increased neuronal excitability under AChE inhibition.

Stratum oriens fibers were stimulated in sagittal cortico-hippocampal slices exposed to the
noted treatments using a bipolar tungsten electrode. Presented are extracellular evoked
potentials recorded using glass microelectrodes in the CA1 area before (control) or 30 min.
following addition of 1 pM DFP or 1 mM pyridostigmine to the perfusing solution. One of
5 reproducible experiments.

B. Bimodal changes in mRNA transcripts.

RT-PCR was performed as in fig 1. on RNA extracted from cortico-hippocampal slices
incubated for 10 or 30 min as noted, with 1uM DFP or 1 mM pyridostigmine as above.

Products were sampled every third cycle, electrophoresed, and stained with ethidium
bromide. c-Fos mRNA amplification was performed with RNA extracted from slices
removed 10 min following application of ACHE inhibitors, and ACHE, ChAT, and
synaptophysin RNA levels were tested in RNA preparations from 30 min post-treatment.
Presented are representative gels out of up to 12 reproducible experiments for each
transcript. Top: schemes of the brain slices employed and the inhibitors used.
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Figure 3. Anticholinesterases elevate AChE gene expression more dramatically than acute

psychological Stress
Presented are relative band intensities (mean + standard deviation) calculated from

densitometric analyses of RT-PCR tests performed on RNA extracted from cortices of
control or stressed mice of from sagittal cortico-hippocampal slices treated for 30 min with
the noted doses of anti-AChES (a-AChE) as under Fig. 1. The differences in RNA levels
observed berween control and either stress Of a-AChE exposure were found to be

statistically significant (p<0.02, 2 tailed Student t test) for AChE, ChAT and VAChT.

However, We observed a significant difference (p<0.01) petween the effect of anti-ChEs
and stress only for ACHE. RNA from non-treated control animals generated accurmnulation
patterns similar to those from non-treated slices (not shown).

Figure 4, AChE jinhibitors affect bath transcg'ptional and electrical processes in the central
pervous Systemnt.
A. Pre-s ynaptig terrminal and post-§ ygaptic nerve cell .

The cholinergic pre-synaptic terminal includes the ACh synthesizing enzyme ChAT, and
the vesicular ACh transporter VACKT responsible for ACh packaging into synaptic
vesicles. Released ACh activates the pre and post-synaptic ACh receptors (AChR), which
in turn increases peuronal excitation. Na* channels and voltage-dependent Ca* chanpels in
the post-synaptic membrane participate in transducing these signals into the post-synaptic
cell. Under normal conditions AChE terminates receptors activation by rapid hydrolysis of
ACh. Exposure to ACHE inhibitors elevates ACh levels, thus increasing the activation of
AChRs. This, in tarm, leads to increased neuronal excitation. Tetrodotoxin (TTX) ,
blocking Na* channels, and BAPTA-AM, preventing intracellular Ca™ accumulatior,
interfere with this process.

B. Tr nscriptional effects.

Increased intracellular Ca™ contributes through the Ca™ responsive element CRE, toward
activation of the immediate early gene (IEG) c-fos which operates as 2 transcription factor.
This elevates AChE and decreases ChAT and VACHT mRNA levels in a mannet
preventable both by sodium channel blockers (TTX) and intracellular Ca™ chelators
(BAPTA-AM).
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Abstract

Natural and man-made anticholinesterases comprise a significant share of the
Xenobiotic poisons to which many living organisms are exposed. To evaluate the
potential correlation between the resistance of acetylcholinesterase (AChE) to such
toxic agents and the systemic toxicity they confer, we characterized the sensitivity of
AChE from Xenopus laevis tadpoles to inhibitors, examined the susceptibility of such
tadpoles to poisoning by various anticholinesterases and tested the inhibitor
sensitivities of recombinant human AChE produced in these amphibian embryos from
microinjected DNA. Our findings reveal exceptionally high resistance of Xenopus
AChE to carbamate, organ(;phosphate and quaternary anticholinesterases. In spite of
the effective in vivo penetrance to Xenopus tadpole tissues of paraoxon, the poisonous
metabolite of the pro-insecticide parathion, the amphibian embryos displayed
impressive resistance to this organophosphorous agent. The species specificity of this
phenomenon was clearly displayed in Xenopus tadpoles expressing recombinant
human AChE, which was far more sensitive than the frog enzyme to irn vivo paraoxon
inhibition. Our findings demonstrate a clear correlation between AChE susceptibility
to enzymatic inhibition and the systemic toxicity of anticholinesterases and raise a
serious concern regarding the use of Xenopus tadpoles for developmental toxicology

tests of anticholinesterases.

Key words
Acetylcholinesterase; carbamates; organophosphates; transgenic expression; Xernopus

laevis



Introduction
The susceptibility of living organisms to systemic toxicity by xenobiotic agents
attacking their nervous system proteins (neurotoxins) is an important factor affecting
their survival. Natural and man-made inhibitors of the acetylcholine hydrolyzing
enzyme acetylcholinesterase (acetylcholine acetylhydrolase, AChE EC3.1.1.7) carry a
significant share of such poisons. Due to its essential physiological function in
terminating neurotransmission, AChE is a target for numerous cholinergic toxins. The
first AChE inhibitor studied pharmacologically was physostigmine (eserine), an
alkaloid carbamate from the seeds of the Calabar bean — the west African vine
Physostigma  venosonum “balfouri. The chemical basis for the activity of
physostigmine was discovered by Stedman in 1929 [1]. Along with the discovery of
anticholinesterases from natural origins, synthetic cholinesterase inhibitors were
developed, initially as chemical warfare agents and later as agricultural insecticides.
By the 1950s and until today, large series of organophosphate (OPs) and carbamate
ACHE inhibitors were developed as insecticides, calling for a reevaluation of their
species specificity. Toxicology tests to evaluate the poisoning capacity of these (and
other) agents are often performed in live embryos of the South -—African clawed frog,
Xenopus laevis [2,3]. Therefore, we initiated a study to determine the comparative
susceptibility of Xenopus and human AChE to inhibitors, and the applicability of the

Xenopus system for human-oriented anti-AChE toxicity tests.

Materials and Methods
In vitro fertilized Xenopus laevis embryos were grown as detailed elsewhere [2].
Tissue homogenates were prepared from control embryos or from embryos

microinjected with plasmid DNA encoding the synaptic form of human AChE [5,6].



Enzymes. Human red blood cells AChE (hRBC AChE) was a gift of Prof. Urs
Brodbeck from the Institute of Biochemistry and Molecular Biology in the University
of Bern, Switzerland. Xenopus laevis AChE was used in a crude extract prepared from
four-day old Xenopus embryos.

Cholinesterase Activity Assays were performed using the Ellman method [7]
modified to fit 96-well microtiter plates, and based on the hydrolysis of the thiol ester
analog of acetylcholine-acetylthiocholine (ATCh). AChE was incubated with
inhbitors for 20-40 min prior to addition of the substrate. Rates of hydrolysis were
calculated by regression analysis using the SoftMax software (Molecular Devices,
Menlo Park, CA).

Percent remaining activity, compared to activity without inhibitor, was determined for
inhibitor concentrations over a range of 5, or more, orders of magnitude. For each
inhibitor tested, pre-incubation time remained constant enabling comparison between
tested enzymes. Plotting the values of percent remaining activity vs. varying
concentrations of inhibitor and fitting the curves using the Regression software
program enabled the determination of inhibitor concentrations blocking 50% of AChE

activity (ICsp).

Results
To investigate the correlation between anti-cholinesterase activity and systemic
toxicity, we examined the susceptibility of control and transgenic Xenopus tadpoles
expressing human AChE to the in vivo toxicity of anticholinesterase agents.
Control uninjected Xenopus embryos or transiently transgenic embryos
overexpressing human AChE (10-fold over host enzyme levels, [6,8] ) were raised for

2 or 3 days and exposed for 30 min. to varying concentrations of paraoxon (diethyl p-



nitrophenyl phosphate) — the toxic metabolite of parathion, a common agricultural
insecticide. Following extensive washing, homogenates were prepared and assayed
for residual AChE activity. When sequential extractions were performed on
paraoxon-exposed uninjected embryos, the inhibitor was seen to penetrate all three
subcellular fractions (Figure 1). However, AChE activity in both transgenic and
control embryos displayed 5-10 fold lower inhibition by paraoxon when exposed in
vivo than in homogenates (Figure 2). Moreover, the recombinant human enzyme
(tHAChE) was close to 100-fold more sensitive than embryonic Xenopus AChE to
paraoxon (Figure 2 and data not shown). These observations indicated that transiently
transgenic Xenopus embryos could offer a convenient model for testing the in vivo
sensitivity of AChE from various species to different anticholinesterases, both with
respect to inhibitor-protein interactions and inhibitor penetration properties.
Furthermore, they raised the possibility that this system could offer a rapid screening
protocol to test the protective ability of AChE or its engineered derivatives against
anticholinesterase toxicity.

Groups of four 2- and 3-day-old AChE -injected and control uninjected embryos were
exposed to increasing doses of paraoxon, followed by extensive washing and
continued incubation in fresh buffer. At concentrations between 0.01 and 10 mM
paroxon, both 2- and 3-day old embryos displayed paralysis, as evidenced by loss of
reflexive escape responses. 2-day-old embryos all survived and regained motor
function following overnight incubation. However, 3-day-old embryos displayed
graded recoveries and developmental defects: generally, tadpoles treated with over
0.5mM paraoxon died within 18 hrs; those treated with 0.05-0.5 mM paraoxon died
within a few days; paraoxon <0.05 mM was non-lethal. In preliminary experiments,

3-day-old AChE-injected tadpoles survived the mid-range treatments better than



uninjected controls, suffering lower mortality and less apparent morphological and
behavioral defects. In one experiment, 4 days post-treatment, 4 out ;)f 5 uninjected
embryos exposed to 0.1 mM paraoxon survived. At 0.5 mM paroxon all 5 uninjected
embryos died while 4 of 5 AChE-injected embryos survived but displayed severe
deformities. These results suggested that prior to the significant accumulation of
ACHhE in neuromuscular junctions (i.e. up to day 2) Xenopus embryos are relatively
insensitive to anti-cholinesterase poisoning and that excess AChE, either in body
fluids or within neuromuscular junctions may offer an organism protection against
anti-AChE organophosphorous agents.

To further investigate the biochemical properties of Xenopus AChE as
compared to those of the human enzyme, we examined the sensitivity of both
enzymes to inhibition by excess substrate. Unlike the human enzyme, Xenopus AChE
appeared insensitive to high ATCh concentrations (Figure 3 inset). Moreover, the
amphibian enzyme displayed considerable resistance to carbamate, organophosphate
and quaternary inhibitors of AChE (Figure 3). Interestingly, the difference between
ICsp values of the Xenopus and the human enzymes was more pronounced with active

site than with peripheral inhibitors (e.g. Propidium, Dibucaine).

Discussion
The relative insensitivity of Xenopus tadpoles to anticholinesterases was not due to
inefficient penetrance of these poisonous xenobiotic agents to the live tissues, as
enzyme activity was inhibited in all of the subcellular compartments of live Xenopus
embryos in a linear dose-dependent fashion. Rather, the relatively low toxicity of
paraoxon toward Xenopus tadpoles could be attributed to the resilience of their AChE
protein toward these inhibitors. This was associated with unique properties of the

active site in the amphibian enzvme. reflected bv the lack of substrate inhibition.



Moreover, even when 10-fold higher activities of the human enzyme were produced
in these tadpoles in vivo [4], the sensitivity of this heterologous protein remained that
of the human enzyme. This demonstrates the species specificity to AChE inhibitors
and attributes it to sequence differences. It further implies that Xenopus tadpoles are
far less sensitive than mammals to insecticide intoxication, which raises a doubt with

regards to the predictive value of the Xenopus tadpoles toxicology tests.
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Legends

Figure 1. Paraoxon penetrates all subcellular AChE fractions in Xenopus laevis
tadpoles

Two-day old Xenopus embryos were exposed to increasing concentrations of

paraoxon, allowed 1.5 hrs recovery, and frozen. Sequential extractions with low-salt,

detergent, and high-salt buffers [8] demonstrated that AChE activity in the soluble

(LSS), membrane-associated (LSD) and extracellular matrix-associated (HSS)

fractions were similarly inhibited during exposure. Total is residual activity in total

homogenates.

Figure 2. In vivo inhibition of rHAChE in Xenopus embryos
A: In vitro-fertilized Xenopus eggs were microinjected with 1 ng AChE DNA and

cultured for 2 days at 17-21°C. Groups of 4 embryos were incubated for 30 min with

various concentrations of paraoxon, washed several times with fresh buffer,
homogenized in high salt/detergent buffer, and assayed for residual AChE activity (in
vivo). Homogenates from Day 1, AChE-DNA-injected embryos were similarly
incubated with inhibitor and assayed (in vitro). B: Uninjected control embryos were
treated as above and assayed for remaining activity (in vivo); Homogenates from 10-
day-old control uninjected tadpoles were employed for Xenopus in vitro inhibition
data. Note the 5-10-fold decreased sensitivity observed for both enzymes in vivo as
compared to in vitro. In addition, tHAChE appears to be 100-fold more sensitive to

paraoxon than the amphibian enzyme.



Figure 3. AChE from Xenopus embryos displays higher resistance to multiple

inhibitors and to excess substrate concentrations than the human enzyme.

High salt/detergent extracts of Xenopus tadpoles were prepared and assayed for AChE
activity in the presence and absence of the noted concentrations of various selective
inhibitors. Homogenates representing endogenous frog (filled diamonds) or hRBC
AChE (open rectangles) were assayed for activity following 30 min preincubation
with the indicated concentrations of inhibitors. Averages are presented of 6
measurements in two independent experiments +/- SEM. ICs values are indicated for

each inhibitor in pM. Inset: hydrolytic activities of hRBC AChE and the Xenopus

enzyme were measured, using ATCh as a substrate in the concentration range of 0.1
mM to 25 mM. Note suppression of activity at high substrate concentrations for

human AChE but not frog AChE.
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ABSTRACT Accumulated evidence attributes noncata-
Iytic morphogenic activitie(s) to acetylcholinesterase (AChE).
Despite sequence homologies, functional overlaps between
AChE and catalytically inactive AChE-like cell surface adhe-
sion proteins have been demonstrated only for the Drosophila
protein neurotactin. Furthermore, no mechanism had been
proposed to enable signal transduction by AChE, an extra-
cellular enzyme. Here, we report impaired neurite outgrowth
and loss of neurexin la mRNA under antisense suppression of
AChE in PCI12 cells (AS-ACHE cells). Neurite growth was
partially rescued by addition of recombinant AChE to the solid
substrate or by transfection with various catalytically active
and inactive AChE variants. Moreover, overexpression of the
homologous neurexin I ligand, neuroligin-1, restored both
neurite extension and expression of neurexin Ia. Differential
PCR display revealed expression of a novel gene, nitzin, in
AS-ACHE cells. Nitzin displays 42% homology to the band 4.1
protein superfamily capable of linking integral membrane
proteins to the cytoskeleton. Nitzin mRNA is high throughout
the developing nervous system, is partially colocalized with
AChE, and increases in rescued AS-ACHE cells. Our findings
demonstrate redundant neurite growth-promoting activities
for AChE and neuroligin and implicate interactions of AChE-
like proteins and neurexins as potential mediators of cytoar-
chitectural changes supporting neuritogenesis.

A strong body of evidence attributes morphogenic activities to
the acetylcholine-hydrolyzing enzyme acetylcholinesterase
(AChE), especially in association with neurite outgrowth
(reviewed in ref. 1). An evolutionarily conserved capacity of
AChHE to promote process extension was observed in avian,
amphibian, and mammalian primary neurons (2—-4) and in rat
glioma cells (5). In neuroblastoma cells, modulated expression
of AChE revealed a direct correlation between AChE levels
and neurite outgrowth (6). However, the molecular and cell-
ular mechanism(s) by which AChE exerts its neuritogenic
activities remain to be elucidated. Repeated observations that
process-promoting activities of AChE are insensitive to certain
active site inhibitors (2, 3) and to genetically engineered
inactivation of its hydrolytic activity (4) demonstrated their
noncatalytic nature. Together with the sequence homologies
observed for AChE and several known cell-adhesion proteins,
these findings hinted at a role for AChE in cell adhesion-
related processes. Furthermore, they suggested that the neu-
ritogenic function of AChE might be fulfilled, in some cir-
cumstances, by one of the catalytically inactive, AChE-
homologous cell surface proteins.

Among the proteins carrying large AChE-like extracellular
domains are Drosophila neurotactin (7), gliotactin (8), and the
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rat neuroligins (9). Unlike AChE, however, the cholinesterase-
like proteins all possess a transmembrane region and a pro-
truding cytoplasmic domain. As such, they are capable of
transducing growth signals directly into the cell. In contrast, it
is unclear how AChE might induce intracellular signals leading
to neurite growth. We therefore considered the possibility that
AChE may act by competing with members of the cholinest-
erase-like family for extracellular binding to common ligands
such as neurexins. Neuroligins constitute a multigenic family
of brain-specific AChE-homologous proteins that have been
suggested to exert overlapping functions in mediating recog-
nition processes between neurons (10). Neuroligins bind to a
specific subset of neurexins, polymorphic neuronal cell surface
proteins believed to play a role in neuronal differentiation and
axogenesis (9, 11). Neurexin I was shown to interact with rat
neuroligin to induce heterotypic cell adhesion (12). Thus,
neuroligin—ncurexin interrelationships could be important in
inter-neuronal recognition pathways regulating axon pathfind-
ing. We previously reported that overexpressed transgenic
ACHE suppressed neurexin I8 production in embryonic mouse
motoneurons in vivo (13). These results were taken to indicate
crosstalk between AChE and neurexins during development
and strengthened the notion that AChE and neuroligin act on
common elements.

To address the question of whether the cholinesterase-like
proteins display overlapping functionality, we established a
loss-of-function mode! in which AChE could be replaced by
candidate substitutes. Here, we report that rat phacochromo-
cytoma (PC12) cells stably transfected with DNA-encoding
antisense AChE cRNA (AS-ACHE cells) display severe AChE
and neurexin Io mRNA depletion. After nerve growth factor
(NGF)-stimulated differentiation, AS-ACHE cells exhibit an
aberrant phenotype characterized by attenuated neuritogen-
esis. Neuritogenesis was partially restored not only by AChE,
but by neuroligin, which also rescued lost neurexin la expres-
sion. Using a nonbiased differential display analysis, we dis-
covered a member of the band 4.1 protein superfamily the
expression of which correlated with the ability of the rescued
cells to extend neurites in response to NGF. Together, this
work demonstrates functional redundancy for AChE and
neuroligin and suggests that broad familial interactions be-
tween neurexins and AChE-like proteins mediate cell-cell
recognition processes important for regulating neuronal cyto-
architecture.

MATERIALS AND METHODS

Vector Construction. A fragment of rat AChE cDNA was
amplified by reverse transcription (RT)-PCR, by using primers

Abbreviations: AChE, acetylcholinesterase (protein); ACHE, acetyl-
cholinesterase (gene); AS-ACHE, antisense oligodeoxynucleotide-
treated PC12 cells; ERM, ezrin, radixin, moesin protein family;
MAGUK, membrane-associated guanylate cylcase kinase; NGF,
nerve growth factor; RT-PCR, reverse transcription-PCR.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AF(087945).

*To whom reprint requests should be addressed. e-mail: soreq@shum.
huji.ac.il.
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designed for the E6 exon of mouse AChE (positions 1728 and
1832, Genbank accession no. x56518). The amplification prod-
uct was directly cloned into the pCR3 vector (Invitrogen)
according to the manufacturer’s instructions. The orientation
of the insert was determined by informative restriction anal-
yses by using Xmnl and Pst1 (New England Biolabs) and its
nucleotide sequence confirmed in an ABI-377 automated
sequencer (Perkin-Elmer). A pCR3 vector containing an
unknown irrelevant DNA fragment served as a control.

Cell Lines and Transfections. PC12 rat pheochromocytoma
cells were grown as previously described (14). Tissue culture
plates or coverslips were coated with 10 pg/ml collagen type
1V (Sigma) and for rescue studies also with the same concen-
tration of recombinant human AChE (Sigma). Transient trans-
fections were performed with lipofectamine (GIBCO/BRL)
according to the manufacturer’s instructions. For stable trans-
fections, cells were incubated in medium containing 800 ug/m!
G418 (GIBCO/BRL) for a period of 30 days and then
maintained with 400 ug/ml G418.

PCR Analyses. RNA extraction and semiquantitative RT-
PCR amplifications were performed as previously described
(14) by using the following specific primers: mE6 1832(+),
5"TCT GGA CGA GGC GGA GCG CC-3' and pCR3
759(-), 5-AGA TGC ATG CTC GAG CGG CC-3', to
amplify the AS-E6 RNA. To amplify AChE mRNA, we used
mAC 1361(+) 5'-CCG GGT CTATGC CTA CAT CTT TGA
A-3" (upstream primer), mAC 1844(—) 5'-CAC AGG TCT
GAG CAG CGC TCC TGC TTG CTA-3', and mI4 74(—)
5-TTG CCG CCT TGT GCA TTC CCT-3’, the downstream
primers specific for E6-AChE and I4-AChE, respectively.
Isoform-specific neurexin and neuroligin primers were as
follows (numbers correspond to nucleotide position and Gen-
bank accession no., respectively): al(+) 4175-4198 and alI(—)
46674647, m96374; BI(+) 978-997 and BI(—) 1113-1090,
m96375; olI(+) 2311-2330 and oII(—) 2503-2482, m96376;
BII(+) 881-900 and BII(—) 1011-991, m96377; alll(+) 4166~
4185, ‘alll(—) 4390-4369, BIII(+) 1179-1198 and BIII(—)
1431-1411, L14851; neuroligl(—) 762-786 and neuroligl(—)
1497-1477, U22952; neurolig2(+) 2962-2981 and neu-
rolig2(—) 3636-3615, U41662; neurolig3(+) 700-719 and
neurolig3(—) 1169-1148, U41663.

The primers for specific amplification of differentially dis-
played transcripts were: collagentV 69(+), 5'-CTC CAG ATG
ACA CAA ACA AAA C-3'; collagentV 301(—), 5’-CTCTCC
TGT CTC CAG ATT GC-3’; and nitzin 57(+), 5'-AAT GCC
AGG AAA GAC TTG AAG ACA C-3'; nitzin 498(—),
5'-CTT GAT GAG GGA AGA GTT TGC ATA C-3'. Neu-
ronal cell adhesion molecule and actin primers were as de-
scribed (5). Mouse B-tubulin and rat synaptophysin primers
were as follows: Stub 197(+), 5'-CGG AGA GCA ACATGA
ATG AC-3'; Btub 365(—), 5'-AAA GAC CAA TGC TGG
AGG AC-3'; rsyn 212(+), 5'-CCT TCA GGC TGC ACC
AAG TGT ACT TTG ATG-3'; and rsyn 660(—), 5'-CAC
GAA CCA TAA GTT GCC AAC CCA GAG CAC-3".

Resultant PCR products obtained from similar amounts of
RNA were removed at intervals of three PCR cycles, electro-
phoresed on agarose gels and stained with ethidium bromide.

Differential Display. Differential display was performed by
using a modification of the original Welsh protocol (15) as
detailed elsewhere (16) by using the following primers: 410,
5'-AGG TGA CGT GGG ACA CT-3’; TATA, 5'-CCT CCG
CGA GAT CAT CT-3'; 599(—), 5-ACG ACT TTC ACA
GAC GG-3'; R15, 5-“AGA GTG CAG GCC ATG-3'; and
17259, 5'-GGT GAA GTT AGC GCA AG-3'.

Biochemical AChE Analyses. Protein extracts were obtained
from analyzed cells by homogenization in PBS supplemented
with 1% Triton and 10 pg/ml of leupeptin and aprotinin (Sigma).
Homogenates were centrifuged at 13,000 X g in a microfuge and
the supernatants kept frozen for subsequent use. AChE activity
was determined as described (17).

Proc. Natl. Acad. Sci. USA 95 (1996)

In Situ Hybridization. High resolution nonradioactive in'situ
hybridization was performed on 7-pm paraffin embedded
sections from three individual whole newborn mice, using a
previously reported AChEcRNA probe (13) or 10 pg/ml of the
50-mer 2’-O-methyl 5'-biotinylated nitzin cRNA probe, 5'-
UGG CAG UGU CUU CAA GUC UUU CCU GGC AUU
CUC AUC GCU GGU AUA AUC UC-3', as previously
described (13). Dewaxed sections were treated with proteinase
K. Hybridization in 50% formamide and 5X SSC, pH 4.5, was
at 52°C for 18 hr, and washes in 2X SSC were at 60°C.

RESULTS

AChE Suppression Is Associated with a Partially Reversible
Neuritogenic Deficit. To achieve potent long-term suppression
of AChE production, we transfected PC12 cells with the
pCRAS-E6 vector, which directs the expression of a 132-bp
fragment of exon 6 from the rat ACHE gene in the antisense
orientation. Eight independent stably transfected clones were
selected, each displaying different expression levels of AChE
¢RNA. Four of these clones revealed significant reductions in
the catalytic activity of AChE (of 12, 30, 70, and 80%).
AChEcRNA thus suppressed AChE activity in PC12 cells
considerably more effectively than similarly targeted antisense
oligonucleotides (14). The latter clone, with maximal suppres-
sion of AChE activity, was termed AS-ACHE and was used for
further analyses. RT-PCR analysis by using primers selective
for exon 6 (E6) or pseudointron 4 (I4) in the ACHE gene
revealed a reduction in AChE-E6 mRNA and the complete
suppression of AChE-I4 mRNA transcripts in AS-ACHE cells
(Fig. 14 and data not shown). Furthermore, AChE catalytic
activity, which was suppressed by 80% in AS-ACHE cells as
compared with the parental PC12 cell line, was not signifi-
cantly enhanced by NGF-triggered differentiation. In contrast,
the original PC12 cells display a 50% increase in AChE activity
within 24 hr of NGF treatment (ref. 14 and Fig. 1B8). When
decorated with polyclonal anti-AChE antibodies, NGF-treated
AS-ACHE cells revealed drastic reduction in AChE-
immunofluorescent labeling as compared with the parental
PC12 cells (data not shown).

AS-ACHE cells displayed reduced neurite frequency after
NGF treatment compared with the parent PC12 cells (2.2 =
0.9 vs. 5.0 = 1.0 neurites/cell; P < 0.01, two-tailed  test) (Fig.
1 C and D). To examine the reversibility of this phenotype, we
coated the collagen matrix on which the cells were grown with
highly purified and catalytically active recombinant human
AChE (rhAChE). After 3 days in the presence of rhAChE and
NGF, neurite frequency increased to 3.5 ® 1.1 (P < 0.01) (Fig.
1D), with cell bodies becoming more round. Recombinant
rhAChE also had a small but not statistically significant neurite
growth promoting effect on PC12 cells (5.2 = 1.2 as compared
with 5.0 * 1.0 neurites/cell).

Transfected AChE and Neuroligin Rescue Neuritogenesis in
AS-ACHE Cells. The deficient neurite outgrowth displayed by
AS-ACHE cells might be related to lost catalytic or noncata-
lytic properties of AChE, or both. To test these possibilities, we
transiently transfected AS-ACHE cells with plasmids encoding
the synaptic form of AChE (AChE-E6, 17), genetically inac-
tivated AChE (AChE-In, 4), the catalytically inactive AChE
homolog neuroligin-1 (9) or a plasmid encoding the mitochon-
drial protein StAR (18) as a control. The initial neurite
frequency of AS-ACHE cells was 1.9 * 0.7 neurites/cell in
these experiments and remained low (2.4 *+ 0.1 neurites/cell)
after transient transfection with the irrelevant StAR plasmid.
However, transfection with AChE-E6, AChE-E6-In, and neu-
roligin-1 enhanced neurite frequency to 3.3 £ 0.1, 3.3 = 0.1,
and 3.7 = 0.5 neurites/cell, respectively (P < 0.01, Fig. 2). The
similar extent of rescue achieved with ACHE-E6 and
ACHE-In attested to the noncatalytic nature of AChE’s
neuritogenic activity in PC12. Moreover, the partial rescue
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FiG. 1. AChE suppression is associated with a partially rescuable
neuritogenic deficiency. (4) Transcription levels. Total cellular RNA
was extracted from PC12 or AS-ACHE cells and subjected to RT-PCR
amplification with primers selective for antisense ACHE RNA or the
alternative E6- or 14-ACHEmRNA transcripts. (4 Left) Endpoint
products of RT-PCR using antisense ACHE RNA-specific primers.
Asterisk indicates expression of the antisense RNA exclusively in
AS-ACHE cells. (4 Center and Right) Kinetic RT-PCR analysis by
using ACHE or actin mRNA-specific primers. Presented are samples
of PCR products removed every third cycle from cycles 21-36 for
ACHE mRNAs and cycles 15-30 for actin mRNA. Note the delayed
appearance of ACHE-E6-derived products, the total absence of
ACHE-14 products, and the unmodified levels of actin PCR products
in AS-ACHE cells as comparcd with the parental PC12 line. One of
3 reproducible tests. (B) Suppressed AChE catalytic activity in AS-
ACHE cells. Presented are AChE specific activities in the original
PC12 and antisense ACHE cells before (Ct) and after (+ NGF) 3-days
NGF-mediated differentiation. Data are expressed as a percent of the
activity measured in undifferentiated PC12 cells. (C) Neuritogenic
deficicncy. Fibroblast-like appearance and paucity of neurites of
AS-ACHE as compared with the parental PC12 cells 3 days after
addition of NGF. Cells were stained by using the May—Grunwald stain
(Sigma) followed by Gurr’s improved Giemsa stain (BDH). (D)
Reversibility of the neuritogenic deficiency. Percentage of analyzed
cells with various numbers of processes after growth in the absence
(control) or presence (rhAChE) of 10 pg/ml catalytically active
recombinant human AChE added to the collagen matrix substratum.
Note the partial restoration of neurite outgrowth in AS-ACHE cells
exposed to extracellular AChE (P < 0.01). The smal! neurite growth-
promoting effect of AChE on the parental PC12 cell line was deemed
statistically insignificant. A total of 50 cells from four different plates
were analyzed for each group and neurite numbers determined by eye.

attained by transfection of neuroligin DNA demonstrated an
overlapping functionality of AChE and neuroligin in promot-
ing neuritogenesis in these cells.

The Neuritogenic Potential of PC12 Cells Is Associated with
Production of Neurexin Ia. Neurexins constitute a large
polymorphic family of cell surface proteins derived from three
genes, neurexins I, I, and III (19). Each gene may be
transcribed from one of two alternative promoters to yield a
large array of alternatively spliced longer («) and shorter (B)
transcripts. The observation that heterologous expression of
neuroligin-1 could partially restore NGF-mediated neurite
outgrowth indicated that ligands of neuroligins such as neur-
exins may be involved in sustaining the AS-ACHE phenotype.
To test this hypothesis, we studied neuroligin and neurexin
expression in AS-ACHE cells by RT-PCR. Of the three
neuroligins, neuroligin-2 mRNA was the only one detected. It
appcarcd in both the original PC12 cells and in AS-ACHE cells
at similar levels (not shown). Of the six major neurexin
isoforms, we detected mRNAs for neurexin Ia, I8, and 118 in
the original PC12 cells, with neurexin I« mRNA being the
most prominent (Fig. 3). In contrast, neurexin I« mRNA was
below detectable levels in AS-ACHE cells. This down-
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F1G. 2. Catalytically inactive AChE and neuroligin-1 both rescue
neurite outgrowth in AS-ACHE cells. AS-ACHE cells were transiently
transfected with either control StAR plasmid (AS + ctrl) or with
plasmids encoding AChE-E6 (AS + E6), catalytically inactive AChE
(AS + In), or the AChE-homologous protein neuroligin-1 (AS + Nrl),
stimulated with NGF, and assessed for number of neurites as com-
pared with the parental PCI12 or nontransfected AS-ACHE cells.
Number of processes per cell is presented as in Fig. 1C. n = 50 cells
for all groups. Note that both catalytically active and inactive AChE
and neuroligin, but not StAR, partially rescue the neurogenetic
deficiency of AS-ACHE cells.

regulation did not involve an alternative choice of promoters
because neurexin I8 mRNA levels remained similarly low in
both PC12 and AS-ACHE cells. Nevertheless, neurexin Io
mRNA levels increased considerably in neuroligin-1-
transfected AS-ACHE cells, i.e., those in which NGF-induced
neurite extension was most efficiently restored. The levels of
neuronal cell adhesion molecule, actin, and B-tubulin mRNAs
were similar in all the analyzed cell types (Fig. 3 and data not
shown), demonstrating that the observed modulation in neur-
exin I« mRNA levels was selective and suggesting that neur-
exin o is a prerequisite for neurite outgrowth in these cells.
The increase we observed in neurexin I« mRNA levels after
neuroligin-1 transfection indicates a previously unknown re-
lationship between neurexin I« and neuroligin-1. Thus, reports
that purified recombinant neuroligins bind only neurexin I
isoforms in vitro (12) do not necessarily exclude the possibility
of additional interactions between other neurexins and neu-
roligins in the living cell.

Increased Expression of Nitzin, a Band 4.1 Family Member
Is Associated with AS-ACHE Neuritogenesis. Additional pro-
tein(s) involved in AChE-dependent neuritogenesis were
sought in AS-ACHE cells as compared with the parental cell
line by differential PCR display (15, 16). Analysis of all of the
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F1G. 3. AS-AChE neurite deficiency is associated with suppressed
neurexin production. Presented is kinetic follow-up of RT-PCR anal-
ysis of neurexin I mRNA levels in PC12 or AS-ACHE cells before or
2 days after NGF-mediated differentiation (+NGF) compared with
that of AS-ACHE cells 4 days after transfection with a plasmid
encoding neuroligin-1 and 2 days under NGF (AS + Nrl + NGF).
Samples were taken every third cycle, starting with the first cycle of
product appearance for each set of primers. Note the persistent loss of
neurexin Ia mRNA from AS-ACHE cells and its restoration after
neuroligin transfection. Neurexin I8 and actin mRNA levels remained
unchanged.
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differentially displayed PCR products (average length: 482 =
191 bp) revealed seven transcripts that were prominently up-
or down-regulated in AS-ACHE as compared with PC12 cells.
The corresponding PCR fragments were cloned, sequenced,
and sought in several databases. Five of these transcripts are
yet unknown or presented weak homdlogies to known genes.
The two others were rat procollagen type V-a2 and a protein,
we termed nitzin, a putative member of the cytoarchitecture
band 4.1 superfamily of proteins (20). RT-PCR amplification
of procollagen type V-a2 and nitzin mRNAs, using specific
primers, confirmed that these two mRNAs are detectable only
in AS-ACHE cells (data not shown).

The band 4.1 superfamily includes the ezrin, radixin, moesin
(ERM) family of proteins (20) involved in the intracellular
anchoring of cell membrane proteins to the cytoskeleton. The
nucleotide sequence of nitzin mRNA displays 55% homology
to mammalian ERM mRNAs and 42% homology to band 4.1
genes. Moreover, amino acid motifs corresponding to consen-
sus sequence blocks 3 and 4 (PROSITE accession nos.
BL0060C and BL0060D, respectively) and motifs 4 and 5 of the
ERM family (PR00661) are all preserved in nitzin. A search of
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4

expressed sequence tag collections revealed that the human -

nitzin gene is highly homologous to that from rat (Fig. 44). *
The tentative identification of nitzin as a cytoarchitecture
protein raised the possibility that its expression is modulated
under NGF-induced neuritogenesis. Nitzin mRNA levels were
below detection in PC12 cells before and after differentiation
but high in naive AS-ACHE cells and down-regulated during
the abortive neuritogenesis induced in these cells in the
presence of NGF (Fig. 4B). Increased nitzin mRNA levels
paralleled the efficiency of rescue observed after NGF-
treatment of AS-ACHE cells transfected with AChE variants
or neuroligin (Fig. 4C). This result indicated a role for nitzin
in the cytoskeletal remodeling that provided for rescue of
neurite cxtension in transfected AS-ACHE cells. To unravel
the potential scope of such roles at the level of the developing
organism in vivo, we analyzed nitzin’s pattern of expression in
several tissues where various levels of AChE mRNA were
detected in newborn mice by in sifu hybridization and com-
pared it to that of AChE. Nitzin and AChE mRNA signals were
high and partially colocalized in the developing cerebellum,
hippocampus, and retina, three tissues where a neuritogenic
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FiG. 4. Expression of nitzin, a band 4.1 protein family member, is associated with AS-ACHE neuritogenesis. (4) Sequence alignment. Partial
amino acid sequences from mouse band 4.1, human moesin, rat nitzin, and the corresponding human expressed sequence tag homolog to nitzin.
Band 4.1 family consensus sequences are marked in red, ERM consensus sequences in blue, and nitzin/expressed sequence tag homologous residues
in green. Band 4.1 signature no. 2 in sequence blocks 3 and 4 are marked by red brackets, and ERM family motifs I'V and V are enclosed in blue
boxes. (B) Transcriptional modulations. Nitzin mRNA levels were evaluated by RT-PCR in naive and NGF-differentiated PC12 and AS-ACHE
cells, and in AS-ACHE cells transfected with a control plasmid (AS + ctrl), or plasmids encoding AChE-E6 (AS + E6), catalytically inactivated
ACHE (AS + In) or neuroligin-1 (AS + Nrl) as in Fig. 3. Samples were removed as described in the Fig. 3 legend. Note the pronounced expression
of nitzin in AS-ACHE but not PC12 cells, its suppression under NGF, and the neuritogenic-associated increases in rescued AS-ACHE cells, under

conditions in which actin mRNA levels remained unchanged.
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role’ for AChE was suggested (1). However, expression of
hitzin also was observed in liver, thymus, and kidncy tubules
(Fig. 5 and data not shown), where no overlaps could be found
with AChE expression and no developmental role(s) were

" suggested for AChE. These findings limit the predicted asso-

ciation between nitzin and AChE to the nervous system, yet
suggest a more general role for nitzin in the cytoarchitectural
changes involved with the development of several cells and
organs.

DISCUSSION

We studied the ncuritogenic activities of AChE by using a
partially reversible AChE loss-of-function model in PC12 cells
expressing antisense AChE cRNA. Stable, most effcctive
suppression of AChE in PC12 cells imposed a block to normal
NGF-mediated differentiation that was characterized by al-
tered cytoarchitecture, a paucity of neurites, loss of ncurcxin
Ia mRNA, and altercd expression of a band 4.1 superfamily
member, nitzin. Our findings that heterologous expression of
neuroligin-1 restored morphological characteristics and gene
expression patterns associated with normal differentiation
demonstrate a functional redundancy of AChE and neuroligin
in activating a critical morphogenetic pathway in these cells.
Together with the sequence homologies shared by AChE,

Nitzin

FiG. 5. Partially overlapping expression patterns for nitzin and
AChE mRNAs in developing mouse tissues. High resolution in situ
hybridization results for various tissues from newborn FVB/N mice by
using AChE (Lefr) and nitzin- (Right) specific probes (sec Materials
and Methods). From top to bottom: hippocampus, cerebellum, retina,
and kidney. Note primarily overlapping expression patterns in both
cholinergic (e.g., hippocampus) and noncholinergic brain regions (e.g.,
cercbellum), partial overlap in the retina, where AChE is notably
involved with embryonic development (1) and no AChE expression in
the kidney, which expresses high levels of nitzin.
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neuroligins, neurotactin, and gliotactin, our data thercfore
suggest that AChE and the various cholinesterase-like proteins
interact with an overlapping set of heterotypic ligands such as
necurexins and ncurexin-like proteins.

Modest quantities of AChEcRNA transcripts suppressed
AChHE production in stably transfected PC12 cells more effec-
tively than similarly targeted antisense oligodeoxynucleotides
(14). This probably reflects more efficicnt formation of double
stranded mRNA-cRNA hybrids by the longer cRNA chains,
which reduced AChE levels below the amounts needed to
support neuritogenesis. It was shown previously that the core
domain of AChE could replacc the homologous extracellular
domain of neurotactin to generate a functional chimera (21).
Thus, the cholinesterasic domain appears to play a conscrved
role in ligand recognition. Nevertheless, a membranec-
associated form of the intact AChE polypeptide could not
substitute for ncurotactin in mediating heterotypic cell adhe-
sion, Thus, the transmembrane and cytoplasmic elements
present in the AChE-like proteins—but absent in AChE—
appear indispensable in translating some ligand-binding inter-
actions to changes in cytoarchitecture. In that case, competi-
tive interactions between AChE and neurexins could serve a
unique role in regulating growth processcs associated with
neuroligin—neurexin interactions.

As our cells were grown at low density on a collagen matrix,
our observations in PC12 cells must reflect autologous inter-
actions between substratum-bound or transgene-derived
AChE, neuroligin, and a common ligand, possibly neurexin I .
These and similar studies may therefore suggest that lateral cis
membranc interactions between AChE, neuroligin, and neur-
exin mediate neuritogenic processes in some neuronal cell
types. Yet, even if supported by additional in vitro studies, this
hypothesis does not exclude inn vivo situations in which het-
erotypic trans ccll-cell interactions could predominate. In-
deed, both AChE and neurexins arc expressed in the devel-
oping nervous system and arc considered to play central roles
in establishing neuronal connectivity. Nevertheless, the par-
tially reversible naturc of the AS-ACHE phenotype demon-
strates a degree of plasticity in AChE-mediated morphoge-
nctic processes. As such, we might predict a role for noncata-
lytic AChE activitics in neuronal remodeling in the adult
nervous system as well. Consistent with this hypothesis, we
rccently have observed high expression of AChE to be asso-
ciated with modulated dendritc branching in AChE transgenic
mice (22). Long-term accumulation of AChE was further
detected in mice subjected to acute psychological stress (23),
also known to induce persistent changes in brain circuitry. In
this light, the reduced AChE levels observed in the adrenal
medulla of Alzheimer’s disease patients (24) may predict
modified innervation of the medulla.

a-Neurexins contain cytoplasmic tails with sequences ho-
mologous to the glycophorin-C intracellular domain which
binds the band 4.1 protein. In addition, they possess a con-
served four-amino acid motif that functions as a recognition
sequence for the PDZ domains of membrane-associated guan-
ylate cyclase kinase (MAGUK) proteins (25). Complexes
formed by the association of a glycophorin-C like domain, a
band 4.1 protein and a MAGUK, were described in mamma-
lian erythrocytes and Drosophila septate junctions (26, 27, and
reviewed in ref. 19). In both cases, glycophorin-C, band 4.1,
and MAGUK-related elements participate in mediating the
cytoarchitectural organization that determines biological func-
tion. In Drosophila septate junctions, genomic knock-out of
either the neurexin-like (27) or cholinesterase-like (8) com-
ponent caused a similar disturbance in the integrity of the
blood-nerve barrier. Thus, evolutionarily diverse interactions
between AChE-like proteins and neurexin-like proteins can
serve to mediate multiform intercellular recognition processes
regulating cellular morphology. In the nervous system, mod-
ular compositions of neurexin-band 4.1-MAGUK-related
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complexes might similarly promote cytoskeletal arrange-
ments/rearrangements in either autologous or heterologous
fashions through interactions with members of the cholinest-
erase-related family of cell surface proteins. The apparently
different band 4.1 elements in parental PC12 cells and “res-
cued” AS-ACHE cells, in which nitzin levels remain high,
supports the notion of variable compositions of these com-
plexes. In that case, AChE could regulate neurite outgrowth
through competitive interactions with different neurexin com-
plexes.

Currently approved drugs for the treatment of Alzheimer’s
disease patients are all designed to suppress the catalytic
activity of AChE (28). This is aimed at improving cholinergic
neurotransmission under the acetylcholine deficiency caused
by loss of cholinergic neurons. However, conventional AChE
inhibitors induce increases in the amount of AChE protein
(23). They may therefore facilitate the deleterious effects of
noncatalytic morphogenic activities of AChE in the demented
brain, such as the promotion of -amyloid aggregation (23, 29).
To reduce AChE protein levels in the brain, it is important to
develop therapeutic antisense strategies targeted against
ACHE mRNA (14). By preventing the production of AChE,
antisense-ACHE agents, even if less effective than the trans-
fection-delivered AChEcRNA, would improve cholinergic
neurotransmission while simultaneously ameliorating the non-
catalytic effects of this multifunctional protein (30). That the
neuritogenic deficiencies induced by antisense AChE suppres-
sion can be reversed by AChE noncatalytic homologues sup-
ports the plausibility of antisense based therapies for the
treatment of neurodegenerative diseases associated with cho-
linergic malfunction.
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Abstract

Acetylcholinesterase (AChE) produced by spinal cord motoneurons accumulates within axo-dendritic spinal cord synapses. It is
also secreted from motoncuron cell bodics, through their axons, into the region of neuromuscular junctions, where it terminates
cholinergic neurotransmission. Here we show that transgenic mice expressing human AChE in their spinal cord motoneurons display
primarily normal axo-dendritic spinal cord cholinergic synapses in spite of the clear excess of transgenic over host AChE within
these synapses. This is in contrast to our recent observation that a modest excess of AChE drastically affects the structure and long-
term functioning of neuromuscular junctions in these mice although they express human AChE in their spinal cord, but not muscle.
Enlarged muscle endplates with either exaggerated or drastically shortened post-synaptic folds then lead to a progressive neuromotor
decline and massive amyotrophy (Andres et al., 1997). These findings demonstrate that excess neuronal AChE may cause distinct
effects on spinal cord and ncuromuscular synapses and attribute the late-onset neuromotor deterioration observed in AChE transgenic
mice to neuromuscular junction abnormalitics. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

Mammalian synapses arc continuously remodeled to
adjust to growth and the demands of use (Burns and
Augustine, 1995; Grinell, 1993). Various diseases of the
central and peripheral nervous systems that are associ-
ated with postnatal or adult-onset progressive deterio-
ration, reflect deficiencics in the remodeling processes
of cholinergic synapses. Examples include Alzheimer’s
discasc (AD) (Coyleet al., 1983), spinal muscular atrophy
(Crawford and Pardo, 1996), congenital myasthenias
(Shillito et al., 1993) and amyotrophic lateral sclerosis
(Robert and Brown, 1995). A simple model to explain
the delayed-onset of pathology in these degenerative con-
ditions views the decline toward disease as a gradual
accumulation of damage which results in pathology when
it passes a threshold. In such a model, built-in margins
of safety protect the system and hence the organism, for
a period of time that reflects the margins of safety. An
alternative, or supplemental approach to understanding

* Present address: Laboratoire de Biochimic et de Biologie Molec-
ulaire, INSERM U316, 37044 Tours Cedex, France.

tTo whom all correspondence should be addressed [Tel.: 972 2
6585109; fax: 972 2 6520258; e-mail: Soreq( shum.huji.ac.il].

Abbreviations:  AChE, acetylcholinesterase; ACh. acetylcholine:
ATCh, acetylthiocholine: NMI. ncuromuscular junction.

0197--0186/98 $19.00 i 1998 Elscvier Science Ltd. All rights reserved
PII:S0197-0186(97)00121-6

late-onset disease is to postulate the existence of mech-
anisms that adjust the levels of other proteins and assure
normal function during embryonic, postnatal and young
adulthood periods, but which falter or fail during aging.
In that case, the age of onset will depend on the limits of
adjustment and on the functional integrity of the cellular
and molecular mechanisms which regulate feedback
pathways. To distinguish between these possibilities and
to search for putative age-limited adjustment mech-
anisms, animal models with late-onset nervous system
defects are required.

Imbalanced cholinergic neurotransmission can be
induced in animal models by acetylcholinesterase (AChE)
over-production. Changes in synaptic AChE density, in
particular, are predicted to modulate synaptic levels of
acetylcholine (ACh) as well as postsynaptic miniature
endplate potentials (mepps), (Anglister et al., 1994).
Transient over-expression of AChE indeed exerts a mor-
phogenic effect on the development of neuromuscular
junctions (NMJ) in AChE-transgenic Xenopus embryos
(Seidman et al., 1995). The morphogenic effects of over-
expressed AChE were attributed, at least in part, to subtle
alterations in cholinergic neurotransmission. However,
while the overall normal development of AChE-trans-
genic tadpoles suggested that developing NMJs can tol-
erate some deviation from normal cholinergic activity,
the short time course of those experiments (3—5 days)
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precluded an investigation into the long-term effects of
deregulated AChE expression on neuromuscular integ-
rity and function. To this end, AChE-transgenic mice
provide an intriguing model in which the effects of
chronic AChE excesses can be examined in depth.

Transgenic over-expression of AChE in cholinergic
brain neurons of transgenic mice promotes late-onset
progressive impairments in learning and memory (Beeri
et al., 1995, 1997) as well as in neuromotor functioning
(Andres et al., 1997). The cognitive defects observed in
these mice could potentially reflect a cholinergic deficit
which is caused by excessive hydrolysis of ACh and a
consequent cholinergic hypofunction. In this sense, the
adult-onset loss-of-function observed in AChE trans-
genic mice can serve as a model for the loss of cholinergic
faculties observed in Alzheimer’s disease (AD) patients
(Coyle et al., 1983). However, the neuromotor deficiency
in these AChE-over-expressing transgenic mice was pre-
ceded by changes in the expression of both choline acetyl
transferase and neurexin I, reflecting feedback processes
affecting non-cholinergic functions in addition to the
cholinergic ones (Andres et al., 1997). This, in turn, pre-
dicted changes in the properties and/or cytoarchitecture
of specific synapses that were associated with the delayed
onset of AChE-promoted neurodeterioration in these
transgenic mice. To define which synapses were thus
affected, we have undertaken a comparative ultra-
structure analysis of neuromuscular junctions (NMJ) and
cholinergic spinal cord axo-dendritic synapses in the
AChE-transgenic mice.

Formation of NMJs differs from that of inter-neuronal
synapses in that it involves the differentiation of precisely
defined domains on the surface of muscle fibers (Hall
and Sanes, 1993; Carbonetto and Lindenbaum, 1995).
Mammalian NMJ formation depends on several impor-
tant neuron-derived proteins including agrin, which
stimulates the formation of subneural clusters of ACh
receptors (AChR) and AChE (Grinnell, 1995; Gautam et
al., 1996) and neuregulin, which promotes the expression
of several of the AChR subunit genes (Jo et al., 1995;
Carraway and Burden, 1995). Experimental elimination
of either of these proteins drastically reduces or abolishes
NMI formation during embryogenesis and results in pre-
natal or perinatal death (Gautam et al., 1996; Glass et
al., 1996). Global interference with NMJ formation has
also been achieved experimentally by genomic disruption
or over-expression of other key NMJ proteins, CNTF
(Masu et al., 1993), laminin 2 (Noakes et al., 1995),
GAP-43 (Aigner et al., 1995), rapsyn (Gautam et al.,
1995), and MuSK (Dechiarra et al., 1996). However, the
early onset and severity of the neuromuscular defects
obtained in knock-out studies precludes investigation
into the role of these molecules in the long-term main-
tenance of synaptic ultrastructure and function during
adulthood.

AChE-transgenic mice express a modest excess of

>

human AChHE in spinal cord but not muscle (Beeri et ,
al., 1995; Andres et al., 1997). We now report that the
ultrastructure of spinal cord cholinergic synapses is
largely retained in spite of this excess, unlike NMJs of
AChHE transgenic mice which undergo dramatic cyto-
architectural changes. AChE-transgenic mice thus can be
used for dissecting the molecular and cellular chains of
events which lead from AChE excess toward postnatal
neuromuscular pathology. Moreover, they can be
employed to differentiate between effects of impaired
cholinergic neurotransmission and those due to modified
cell—cell interactions. Therefore, they may establish a
valid paradigm for approaching delayed-onset human
diseases of environmental (e.g. insecticide poisoning)
and/or multigenic origin such as congenital myasthenias
that are associated with AChE mal- or overproduction.

2. Experimental procedures
2.1. Tissue preparation and subcellular fractionation

AChE transgenic and control FVB/N mice (2-3 months
old) were sacrificed by cervical dislocation and tissues
were rapidly dissected, frozen in liquid nitrogen and kept
at —70°C until use. Tissues were homogenized using a
Potter Elvehjem homogenizer and extracts were suc-
cessively prepared in 9 vol/weight of low salt, detergent
or high salt solutions (low salt solution: 0.02 M Tris HCI,
pH 7.5, 0.05 M NaCl; detergent solution: 0.01 M Na
phosphate buffer, pH 7.4, 1% Triton X-100 (w/w); high
salt solution: 0.01 M Na phosphate buffer, pH 7.4, | M
NaCl), all with 2 mM EDTA, 5 ug/ml leupeptin and
10 pug/ml aprotinin. Homogenates were centrifuged in a
Beckman TL100.2 rotor at 400,000 g for 10 min. The
supernatants of each solution contained the low salt-
soluble, detergent-soluble and high salt-soluble fractions
of AChE, respectively.

2.2. Determination of cholinesterase specific activities and
protein concentrations

Cholinesterase activities were measured according to
Ellman et al. (1961) in 96 well Nunc (Roskilde, Denmark)
plates, in a final volume of 200 ul. Incubations of 20 min
in solutions containing either BW 284 C 51 (1,5-bis
(4-allyldimethyl-ammoniumphenyl)pentan-3-one-di-
bromide) at 107> M or iso-OMPA (isopropyl-
pyrophosphoramide) at 107* M were used to inhibit
AChE and butyrylhcholinesterase (BuChE) activities,
respectively. Activities are expressed in nmol of acetyl-
thiocholine (ATCh) hydrolyzed/min/mg protein. Protein
concentrations were determined by the method of Brad-
ford (1976), using bovine serum albumin (BSA) as stan-
dard.
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2.3. Sucrose gradient centrifugation

Ten ml linear sucrose gradients (4-20% w/w) were pre-
pared in 0.01 M Tris-HCI buffer, pH 7.4, 1 M NaCl, 1
mM EGTA and 1% Triton X-100. AChE containing
homogenates of the gastrocnemius muscle (200-250 ul)
were deposited on the top of the gradients with 20 ul of
catalase as a sedimentation marker (11.4 S). Equilibrium
centrifugation was performed in a Beckman SW 41 rotor
at 37,000 g for 17 h. After centrifugation, gradients were
fractionated and cholinesterase activities measured.
Catalase (11.4 S) was localized by determining absorption
at 405 nm.

2.4. Binding to antibodies

Anti-AChE monoclonal antibodics (AC 101.1, Seidman
et al., 1995) raiscd against bovine brain AChE and which
recognize human but not mouse AChE (Liao et al., 1992)
were bound overnight at 4°C to 96-well Nunc Maxisorb
plates {5 pg/ml antibody in 100 wl/well of 0.1 M Na
bicarbonatc buffer, pH 9.6). Non-specific binding sites
were blocked by 1 hincubation in 3% BSA in phosphate-
buffered saline containing 0.05% Tween 20 (PBS-T) at
37°C. Coated plates were kept at 4°C with PBS-T until
use. Tissue extracts (20 ul, prepared as described above)
or sucrose gradient fractions were then added for over-
night incubation at 4°C with 80 ul of PBS-T. Wells were
washed 3 times with PBS-T and bound AChE activity
was assayed as above.

2.5. Staining procedures

For structural NMJ analyses, diaphragm muscles from
mice sacrificed by cervical dislocation were fixed in situ
by repeated (5 min, room temp.) application of fresh 4%
paraformaldehyde, 0.1% glutaraldehyde solution in PBS.
Fixed diaphragm was then dissected, refixed for 2 h and
kept at 4°C in PBS until used for cytochemical AChE

Table 1

staining (Beeri et al., 1995). When staining with 0.1%
methylene blue, tissues were similarly handled. Dia-
phragm regions rich in NMJs were dissected into rec-
tangles of about 3 x5 mm, immobilized on glass slides
and photographed in a Zeiss Axioplan microscope at
200-fold magnification. Sections of cervical spinal cord
(50 pm, paraformaldehyde-glutaraldehyde fixed) were
stained for 30 min and thiocholine precipitates observed
by electron microscopy in 80 nm cut stained sections
(Seidman et al., 1995). Control experiments on sections
from transgenic spinal cord, with no ATCh verified that
these electron-dense deposits were indeed reaction prod-
ucts of in situ AChE catalysis-mediated hydrolysis of the
substrate. Morphometric measurements were performed
as detailed previously (Seidman et al., 1995) using the
Sigma Scan program (Jandel, Hamburg, Germany).

3. Results

3.1. Axo-dendritic cholinergic spinal cord synapses display
subtle changes under excess AChE accunnilation

Cytochemical staining for AChE activity, of axo-den-
dritic cholinergic synapses in the ventral horn of the
spinal cord, revealed that synaptic areas occupied by
electron dense AChE reaction products (Table 1 and Fig.
1) were 7-fold larger in transgenic as compared with
control spinal cord sections, indicating synaptic accumu-
lation of transgene-derived enzyme. Presynaptic areas
occupied by vesicles were smaller in transgenic synapses
than in control terminals, whereas vesicle density was
higher in transgenic synapses as compared with controls
(Table 1). However, the difference in the latter was stat-
istically significant. Also, transgenic and control synapses
exhibited generally similar axon diameters, pre-synaptic
lengths and numbers of adjacent mitochondria (Table 1
and data not shown). Thus, increased synaptic AChE

Morphometric parameters of hAChE-expressing spinal cord synapses

Parameter Control Transgenic

ACHhE stained area, um? 0.05+0.04 (43) 0.34+0.90(47) P <0.03
Area occupied by vesicles. ym? 0.47+0.3(37) 0.39+0.29 (44) n.s.
Number of vesicles/; 95.8+33.9(16) 107.9427.9 (16) n.s.
Axon minimal diameter, gm 0.9340.34(40) 0.7440.28 (44) n.s.
Axonal mitochondria area, ym? 0.23+0.13(37) 0.19+0.1 (31) ns
Dendrite minimal diameter, gm 2.44+2.3(20) 1.61£0.9(15) n.s.
Dendritic mitochondria area, jm? 0.52+0.52(19) 0.3540.21 (13) n.s.

Morphometric parameters were derived from photographs taken using light or clectron microscopy as detailed
under Experimental Procedures for the numbers of axo-dendritic cholinergic synapses from the anterior spinal
cord of at least 5 adult control and transgenic mice. Statistical significance (Student’s -test) is noted wherever

relevant. n.s., not significant.
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control

transgenic

Fig. 1. AChE over-expression in axo-dendritic synapses from anterior spinal cord of transgenic mice. Electron micrographs of three representative
synapses from transgenic and control (C) mice are presented. Acetylthiocholine hydrolysis products representing sites of AChE accumulation appear
as dark crystals, (arrowheads) particularly conspicuous in the synaptic cleft between axon terminals (T) and dendrites (D). (V) = vesicles.

changed morphometric parameters of cholinergic axo-
dendritic synapses only in a subtle manner.

3.2. Globular human AChE tetramers are found in muscle
and spinal cord

Human AChEmRNA is produced in spinal cord, but not
muscle of adult ACHE transgenic mice (Andres et al.,
1997). This finding corroborates previous analyses which
demonstrated expression of the transgene, including 596
bp of the native human ACHE promoter, in the central
nervous system but not in peripheral target organs (Beeri
etal., 1995). To characterize the biochemical properties of
transgenic AChE, we subjected detergent-soluble spinal
cord and muscle extracts to sucrose density centri-
fugation. AChE activity in spinal cord extracts from
transgenic animals, 255 nmol ATCh hydrolyzed/min/mg
protein, was ca. 25% higher than that of control animals.
This difference could be attributed to AChE of human
origin. The transgenic enzyme was evenly distributed
between the low salt-soluble and the detergent-soluble
fractions (data not shown). No hAChEmRNA was found
in muscle and no significant increment was observed in
total muscle AChE activities (33.446.9 nmol/min/mg
protein in 6 control animals, vs 35.9+1.3 in 7 trans-
genics). However, 6% of total muscle AChE activity was
contributed by the transgene, as it reacted with human-
specific antibodies (Seidman et al., 1995) (Fig. 2).

Linear sucrose gradient centrifugation followed by
measurement of AChE activities revealed that the deter-
gent-soluble AChE in the spinal cord consisted mainly of
globular tetramers (G,), with minor fractions of mono-
mers (G,) and dimers (G,). The G, enzyme peak in the
spinal cord of transgenic mice, 18% of which was of
human origin, was considerably higher than in controls

(Fig. 2, left). Unlike the spinal cord, detergent-soluble
AChE in muscle extracts from control animals was com-
posed of approximately equal parts of globular mono-
mers and tetramers (G, = G,), whereas the G,: G, ratio
was 2-fold higher in transgenics (Fig. 2, right). This excess
of AChE tetramers could reflect transport from spinal
cord motoneurons. There were only negligible quantities
of multimeric asymmetric forms of AChE in the trans-
genic muscle: within the high salt fraction, less than 5%

3 250 Spinal cordC — Muscle 20 =
= 200 G 4l ontro l -
E 150 a1 G4 E
6 100 1.0 6
> E
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Fig. 2. Transgenic human AChE is found in spinal cord and muscle
homogenates. Detergent-soluble homogenates of spinal cord and mus-
cle were fractionated by sucrose gradient centrifugation and AChE
activity determined in each fraction prior to (line) or after binding to a
specific anti-human AChE monoclonal antibody (shaded area) (Seid-
man et al., 1995). Note the different activity scales for spinal cord (left)
and muscle (right side). Arrows denote sedimentation of an internal
marker, bovine catalase (11.4 S). Activity peaks reflecting globular
monomers, dimers and tetramers are labeled G,, G, and G, respec-
tively. Fractions drawn from the top of each tube beginning with frac-
tion No. 1.

"
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of human AChE activity sedimenting as A12 multimers
.were bound to ACIOL.1 antibodies. Since muscle is
“known to contribute the collagen-tailed synaptic AChE
forms which are soluble in high salt solution (Massoulié

tet al, 1993), our present findings therefore suggest that
a significant fraction of the detergent-soluble globular
AChHE tetramers in mammalian muscle may be of neu-
ronal origin, similar to the situation in amphibia (Anglis-
ter, 1991). They further support the notion that exercise-
induced increases in muscle G, AChE may be mediated
in part by motoneuron transcriptional response (Svei-
strup et al., 1995).

3.3. Motor endplates of transgenic animals undergo
dramatic morphological changes

Diaphragm endplates from AChE transgenic mice were
60% larger, on average, than controls (Table 2). Over
half of transgenic, but only 10% of control endplates,
were larger than 600 gm?. This increase reflected general
structural changes, as it was observed both with the non-
specific dye methylene blue and the following cyto-
chemical staining for active AChE (Table 2). Moreover,
82% of 161 transgenic endplates failed to display the
classical ‘pretzel” boundaries (Lyons and Slater, 1991)
found in 82% of 172 control endplates (for 4 animals in
each case). Rather, transgenic endplates acquired a sim-
ple elipsoid aspect (Andres et al., 1997). Also, muscle
fiber diameters were 15% larger in transgenics compared
to controls (P < 0.005, Student’s ¢ test) (Table 2). Similar
morphological changes werc also found in hindleg quad-
riceps and anterior tibialis endplates (not shown).

3.4. Electron microscope analyses of diaphragm NMJs

Morphometric analyses revealed highly variable NMJ
ultrastructure in transgenic animals. Similar to the tend-
ency observed in spinal cord neurons, the density of pre-
synaptic vesicles was significantly higher in transgenic as
compared with control NMJs (Table 2). Also, although
the mean length of post-synaptic folds per mm synapse
was identical between the two groups, the variability in
this parameter was considerably higher in transgenics.

Table 2

Only 7 out of 16 analysed NMJs in transgenic mice,
as compared with 11 out of 14 NMIJs in control mice,
possessed average length post-synaptic folds (0.6+0.05
um/um synapse length, Table 2). Other transgenic NMlJs
displayed either of two pathological patterns, both
reported in NMJs of aged humans (Wokke et al., 1990).
One fourth of the NMJs in transgenic mice as compared
with only 7% of analysed control NMJs presented highly
exaggerated, branched and densely packed post-synaptic
folds, similar to those which occur in the Lambert—Eaton
syndrome (Lambert and Elmqvist, 1971) (average of
0.87+0.16 pm). Another third of transgenic NMJs, but
only 14% of control NMJs possessed short, ablated post-
synaptic folds (0.3040.07 ym) which resembled those of
myasthenia gravis patients (Engel and Santa, 1971). The
changes in NMJ morphology that we observed in
hAChE-transgenic mice imply modulations in the input
of cholinergic signals from motoneurons into muscle, the
ultimate target of the motor system.

4. Discussion

Excess human AChE, capable of inducing late-onset cog-
nitive and neuromotor deficiencies, accumulates in trans-
genic mice in both axo-dendritic spinal cord cholinergic
synapses and NMJs. While the morphology of AChE-
over-expressing spinal cord synapses remained largely
unchanged, NMIJs were drastically altered by the trans-
genic protein. The early appearance of nicotinic AChR
and AChE clusters on the muscle surface during myo-
genesis, their aggregation at presumptive NMJ sites and
the acquisition of ACh sensitivity by muscles prior to
NMJ formation suggest that cholinergic neuro-
transmission plays a role in NMJ biogenesis. The spon-
taneous release of ACh by outgrowing motoneurons as
they encroach upon the muscle fibers (Grinell, 1995) and
the observation that ACh may exert trophic effects on
neurite outgrowth (Zheng et al., 1994) further strengthens
the hypothesis that cholinergic signaling plays a for-
mative role in the establishment and maintenance of
neuromuscular connectivity. Our observations of delayed
neuromotor pathology in AChE transgenic mice (Andres

Morphometric parameters of hAChE-expressing neuromuscular junctions

Parameter Control Transgenic
ACHE stained arca, ym? 3984 136.4(90) 625.64+227.7 (100) P < 0.001
Mecthylene blue stained arca. um? 301492.1(38) 723.74495.3(33) P < 0.001

0.56+0.12(14)
122.5+30.7(12)
30.8+ 7.45(69)

0.65+0.37(16) n.s.
161.4+41.8(9) P <0.02
35.6+5.17(7.5) P < 0.005

Mecan length of post-synaptic folds/length of NMJ
Number of vesicles/pm?
Muscle fiber diameter, gm

Morphometric parameters were determined as detailed in Table 1 for the numbers noted of NMJs, analysed folds or muscle
fibers from the diaphragm muscle of control and transgenic mice.
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et al., 1997) suggest that developing NMJs may display
a greater capacity to adjust to cholinergic imbalances
than in the mature adult.

4.1. Spinal cord cholinergic synapses appear resistant to
hAChE over-expression

Spinal cord AChE activities in the transgenic mice were
increased by 25% over control activities. However, cyto-
chemical staining of axo-dendritic cholinergic synapses
in the transgenic spinal cord revealed up to 7-fold higher
AChE activities as compared to control synapses. This
is close to the excess observed in NMlJs of transiently
transgenic Xenopus tadpoles which express the same
ACHE transgene (Ben Aziz et al., 1993; Shapira et al.,
1994: Seidman et al., 1995), suggesting an upper limit for
AChE excess which is compatible with development of
synaptic infrastructure. Interestingly, characteristic mor-
phometric parameters of spinal cord synapses such as
axon diameter, pre-synaptic length, total vesicle number
and mitochondria density remained largely unchanged,
by excess AChE. Although the space occupied by pre-
synaptic vesicles was slightly reduced and vesicle density
reciprocally increased, neither of these changes was stat-
istically significant. This indicates that unlike disruption
of f2-laminin (Noakes et al., 1995), altered AChE levels
did not prevent pre-synaptic release. Moreover, the
difference between the changes observed in spinal cord
synapses and NMJs demonstrated that the latter are
much more sensitive to the long-term effects of AChE
excess than spinal cord synapses.

4.2. Transgenic model for neuromotor deterioration

Several late-onset amyotrophic diseases are associated
with disturbed cholinergic transmission and progressive
neuromotor deterioration in the adult. For example, con-
genital myasthenias include defects in ACh release,
absence of the endplate-specific form of AChE and alter-
ations in the number or function of postsynaptic ace-
tylcholine receptors (Shillito et al., 1993) and amyo-
trophic lateral sclerosis results from motoneuron death
(Robert and Brown, 1995). While each of these syn-
dromes can be traced to a unique molecular origin, their
long term outcomes clearly reflect accumulated damage
due to secondary and tertiary changes in additional nerve
and/or muscle components. Our present findings dem-
onstrate that AChE excess per se may induce neuromotor
deficiencies associated with NMJ malformation, without
changing the structure of spinal synapses.

Theoretical calculations based on synaptic con-
figurations of adult frog and lizard NMJs (Anglister et
al., 1994) predicted that increasing synaptic AChE con-
centration by up to 2-fold should carry minimal conse-
quences for miniature endplate potentials. However,
long-term effects of excess AChE, molecular feedback

¢,
‘

responses to the excessive ACh hydrolysis or non-cata-
lytic activities of AChE (Sternfeld et al., 1998) were not,
considered in that model. The clearly abnormal pheno-
types which we observe are associated with considerably
larger AChE excesses in the synaptic microenvironment. v
Thus, our findings demonstrate that a moderate increase
in the motoneuron expression of AChE is sufficient to
alter not only NMJ modes of development, but also car-
ries implications for its long-term function and structure.
The increased vesicle density in NMJs of adult transgenic
mice may reflect enhanced pre-synaptic release, which
alleviates some of the AChE over-expression. That this
adjustment is insufficient, is clear from the progressive
muscle deterioration which occurs in these mice.

4.3. Mouse and Xenopus NMJs respond similarly 1o
transgenic hAChE expression

Transgenic mice displayed generally normal motor
behavior so long as no special muscle efforts were
required of them (Andres et al., 1997). This suggests that
a basal level NMJ function was sustained, unlike what
was observed when f2-laminin was changed (Hall and
Sanes, 1993). Nevertheless, transgenic spinal cord AChE
promoted muscle deterioration in adult animals, even
though this transgene was not expressed in muscle. The
reported lack of AChE in the basal lamina of mal-
functioning agrin knock-out mice (Gautam et al., 1996)
suggests that the post-synaptic accumulation of AChE
occurs secondarily to AChR clustering, which is subject
to motoneuron control. Considering the fact that NMJs
represent less than 0.1% of the muscle surface (Hall and
Sanes, 1993), the 6% muscle enzyme of human origin
reflects a significant accumulation of the motoneuron-
derived transgenic enzyme in the synaptic micro-
environment. Yet, neuromotor deterioration occurred
only after the cessation of neuronal transcriptional chan-
ges (Andres et al., 1997). This suggests that these changes
alternated, in early development, the transgene-induced
cholinergic imbalance.

In both mouse and Xenopus NMJs, hAChE over-
expression increased the size of transgenic NMJs in a
manner dependent on pre-synaptic expression of the
human transgene (Shapira et al., 1994; and the present
report). That hAChE-expressing NMJ areas were
enlarged to the same extent in these two evolutionarily
distant species supports the hypothesis that AChE func-
tions as a morphogenic factor in vertebrate NMJs and
may reflect a limit of the degree to which viable NMJs
may be enlarged. Exaggeration of post-synaptic folds
also occurs in the Lambert-Eaton syndrome (Lambert
and Elmqvist, 1971), where the functioning of pre-syn-
aptic Ca* ™ channels is impaired and hence ACh secretion
and post-synaptic receptor activation are decreased.
Enhanced ACh hydrolysis due to excess AChE pro-
duction likely decreases activation of ACh receptors in




C. Andres et al {Neurochem. Int. 32 (1998 ) 449-456 455

L4

1

at least some of the nerve terminals of our transgenic
mice. The yet more severe phenotype of degenerate post-
synaptic folds appears in NMJs of myasthenia gravis
patients, where post-synaptic ACh receptors deteriorate
due to autoantibodics (Engel and Santa, 1971). It there-
forc appears that both kinds of structural abnormalities
secn in the post-synaptic fold may primarily reflect chan-
ges in the synaptic activity of ACh in our mice.

4.4. AChE over-expression may gradually change NMJ
properties

Unlike brain synapses, NMJs are not protected from the
environment by the blood-brain barrier. Therefore, these
special synapses are frequently subject to insults by vari-
ous endogenous and exogenous toxic compounds such
as drugs (i.e. succinylcholine), poisons (i.e. agricultural
insecticides) and constituents of the circulation (i.e. anti-
bodies) that impair their cholinergic balance (Schwarz et
al., 1995). Increases in ACh release were recently reported
in bungarotoxin-trecated rats, which developed myas-
thenia gravis symptoms (Plomp et al., 1995). One possible
explanation for that could involve enhanced choline ace-
tyl transferase (ChAT) production, which operates as a
primary feedback mechanism also under the cholinergic
hypofunction in embryonic ACHE transgenic mice
(Andres et al., 1997). However, the capacity for this com-
pensation in the transgenic mice declines with age. In the
absence of excess ChAT, over-expressed AChE would
reducc ACh levels in the synaptic cleft of transgenic
NMIs and limit the activation of post-synaptic receptors.
This may explain the appearance of seemingly functional
NMIJs with increased density of pre-synaptic vesicles and
prolonged, exaggerated and over-branched post-synaptic
folds. Finally, it is conceivable that human G, AChE,
protruding from the nerve terminal membrane with its
hydrophobic tail, disturbs proper embedding of the nerve
terminal on the basal lamina. Also, muscle fiber dener-
vation should elicit reinnervation, motor unit enlarge-
ment and NMJs loss, all of which were seen in ACHE
transgenic mice (Andres et al., 1997). We have no way of
concluding whether a single synapse can first acquire
one of these structural phenotypes, then the second and
finally disappear altogcther. However, the progressive
worsening of muscle functioning in these mice suggests
that this may be the case.

4.5. Non-catalytic properties of AChE may affect NMJ
abnormalities

Accumulating evidence demonstrates non-catalytic
activities for AChE, especially in cell-cell interactions
(Layer et al., 1993; Small et al., 1995; Sternfeld et al.,
1998). It is conceivable that such properties, apart from
the cholinergic imbalance induced by AChE over-
expression, may affect specific synapses in different man-

ners. Additional animal models (for example, mice
expressing genctically inactivated AChE) will be needed
to explore this possibility.
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Abstract

Natural and man-made anticholinesterases comprise a significant share of the Xenobiotic poisons to which many
living organisms are exposed. To evaluate the potential correlation between the resistance of acetylcholinesterase
(AChE) to such toxic agents and the systemic toxicity they confer, we characterized the sensitivity of AChE from
Xenopus laevis tadpoles to inhibitors, examined the susceptibility of such tadpoles to poisoning by various anti-
cholinesterases and tested the inhibitor sensitivities of recombinant human AChE produced in these amphibian
embryos from microinjected DNA. Our findings reveal exceptionally high resistance of Xenopus AChE to carbamate,
organophosphate and quaternary anticholinesterases. In spite of the effective in vivo penetrance to Xenopus tadpole
tissues of paraoxon, the poisonous metabolite of the pro-insecticide parathion, the amphibian embryos displayed
impressive resistance to this organophosphorous agent. The species specificity of this phenomenon was clearly
displayed in Xenopus tadpoles expressing recombinant human AChE, which was far more sensitive than the frog
enzyme to in vivo paraoxon inhibition. Our findings demonstrate a clear correlation between AChE susceptibility to
enzymatic inhibition and the systemic toxicity of anticholinesterases and raise a serious concern regarding the use of
Xenopus tadpoles for developmental toxicology tests of anticholinesterases. © 1998 Elsevier Science Ireland Ltd.
All rights reserved.
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1. Introduction

The susceptibility of living organisms to sys-
temic toxicity by xenobiotic agents attacking their
nervous system proteins (neurotoxins) is an im-
portant factor affecting their survival. Natural
and man-made inhibitors of the acetylcholine hy-
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6520258; e-mail: soreq@shum.huji.ac.il

drolyzing enzyme acetylcholinesterase (acetylcho-
line acetythydrolase, AChE EC3.1.1.7) carry a sig-
nificant share of such poisons. Due to its essential
physiological function in terminating neurotran-
smission, AChE is a target for numerous cholin-
ergic toxins. The first AChE inhibitor studied
pharmacologically was physostigmine (eserine), an
alkaloid carbamate from the seeds of the Calabar
bean — the west African vine Physostigma ve-
nenosum Balfouri. The chemical basis for the
activity of physostigmine was discovered by Sted-
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man in 1929 (Taylor, 1990). Along with the dis-
covery of anticholinesterases from natural origins,
synthetic cholinesterase inhibitors were devel-
oped, initially as chemical warfare agents and
later as agricultural insecticides. By the 1950s and
until today, large series of organophosphate (OPs)
and carbamate AChE inhibitors were developed
as insecticides, calling for a reevaluation of their
species specificity. Toxicology tests to evaluate the
poisoning capacity of these (and other) agents are
often performed in live embryos of the South-
African clawed frog, Xenopus laevis (Friedman et
al., 1991; Snawder and Chambers, 1993). There-
fore we initiated a study to determine the com-
parative susceptibility of Xenopus and human
AChE to inhibitors, and the applicability of the
Xenopus system for human-oriented anti-AChE
toxicity tests.

2. Materials and methods

In vitro fertilized Xenopus laevis embryos were
grown as detailed in Seidman and Soreq (1996).

Tissue homogenates were prepared from con-
trol embryos or from embryos microinjected with
plasmid DNA encoding the synaptic form of hu-
man AChE (Shapira et al., 1994; Seidman et al.,
1995).

2.1. Enzymes

Human red blood cells AChE (hRBC AChE)
was a gift of Prof. Urs Brodbeck from the Insti-
tute of Biochemistry and Molecular Biology in
the University of Bern, Switzerland. Xenopus lae-
vis AChE was used in a crude extract prepared
from 4-day-old Xenopus embryos.

2.2. Cholinesterase activity assays

Cholinesterase activity assays were performed
using the Ellman method (Ellman et al, 1961)
modified to fit 96-well microtiter plates, and based
on the hydrolysis of the thiol ester analog of
acetylcholine, acetylthiocholine (ATCh). AChE
was incubated with inhibitors for 20—40 min prior
to addition of the substrate. Rates of hydrolysis

were calculated by regression analysis using the
SoftMax software (Molecular Devices, Menlo
Park, CA). Percent remaining activity, compared
to activity without inhibitor, was determined for
inhibitor concentrations over a range of five, or
more, orders of magnitude. For each inhibitor
tested, pre-incubation time remained constant en-
abling comparison between tested enzymes. Plot-
ting the values of percent remaining activity vs.
varying concentrations of inhibitor and fitting the
curves using the regression software program en-
abled the determination of inhibitor concentra-
tions blocking 50% of AChE activity (IC;).

3. Results

To investigate the correlation between anti-
cholinesterase activity and systemic toxicity, we
examined the susceptibility of control and trans-
genic Xenopus tadpoles expressing human AChE
to the in vivo toxicity of anticholinesterase agents.

Control uninjected Xenopus embryos or tran-
siently transgenic embryos overexpressing human
AChE (10-fold over host enzyme levels (Seidman
et al., 1994, 1995) were raised for 2 or 3 days and
exposed for 30 min to varying concentrations of
paraoxon (diethyl p-nitrophenyl phosphate) —
the toxic metabolite of parathion, a common agri-
cultural insecticide. Following extensive washing,
homogenates were prepared and assayed for
residual AChE activity. When sequential extrac-
tions were performed on paraoxon-exposed unin-
jected embryos, the inhibitor was seen to pene-
trate all three subcellular fractions (Fig. 1). How-
ever, AChE activity in both transgenic and con-
trol embryos displayed 5—-10-fold lower inhibition
by paraoxon when exposed in vivo than in homo-
genates (Fig. 2). Moreover, the recombinant hu-
man enzyme (tHAChE) was close to 100-fold
more sensitive than embryonic Xenopus AChE to
paraoxon (Fig. 2 and data not shown). These
observations indicated that transiently transgenic
Xenopus embryos could offer a convenient model
for testing the in vivo sensitivity of AChE from
various species to different anticholinesterases,
both with respect to inhibitor-protein interactions
and inhibitor penetration properties. Further-
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Fig. 1. Paraoxon penetrates all subcellular AChE fractions in
Xenopus laevis tadpoles. Two-day-old Xenopus embryos were
exposed to increasing concentrations of paraoxon, allowed
1.5 h recovery, and frozen. Sequential extractions with low-salt,
detergent, and high-salt buffers (Seidman et al., 1994) demon-
strated that AChE activity in the soluble (LSS), membrane-
associated (LSD) and extracellular matrix-associated (HSS)
fractions were similarly inhibited during exposure. Total is
residual activity in total homogenates.

more, they raised the possibility that this system
could offer a rapid screening protocol to test the
protective ability of AChE or its engineered
derivatives against anticholinesterase toxicity.
Groups of four 2- and 3-day-old AChE-in-
jected, and control uninjected embryos were ex-
posed to increasing doses of paraoxon, followed
by extensive washing and continued incubation in
fresh buffer. At concentrations between 0.01 and
10 mM paroxon, both 2- and 3-day-old embryos
displayed paralysis, as evidenced by loss of reflex-
ive escape responses. Two-day-old embryos all
survived and regained motor function following
overnight incubation. However, 3-day-old em-
bryos displayed graded recoveries and develop-
mental defects: generally, tadpoles treated with
over 0.5 mM paraoxon died within 18 h; those
treated with 0.05-0.5 mM paraoxon died within a
few days; paraoxon < 0.05 mM was non-lethal. In
preliminary experiments, 3-day-old AChE-in-
jected tadpoles survived the mid-range treatments
better than uninjected controls, suffering lower
mortality and less apparent morphological and
behavioral defects. In one experiment, 4 days
post-treatment, four out of five uninjected em-
bryos exposed to 0.1 mM paraoxon survived. At
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Fig. 2. In vivo inhibition of THAChE in Xenopus embryos. (A)
In vitro-fertilized Xenopus eggs were microinjected with 1 ng
AChE DNA and cultured for 2 days at 17-21°C. Groups of
four embryos were incubated for 30 min with various concen-
trations of paraoxon, washed several times with fresh buffer,
homogenized in high salt/detergent buffer, and assayed for
residual AChE activity (in vivo). Homogenates from day 1,
AChE-DNA-injected embryos were similarly incubated with
inhibitor and assayed (in vitro). (B) Uninjected control em-
bryos were treated as above and assayed for remaining activity
(in vivo); Homogenates from 10-day-old control uninjected
tadpoles were employed for Xenopus in vitro inhibition data.
Note the 5-10-fold decreased sensitivity observed for both
enzymes in vivo as compared to in vitro. In addition, rHAChE
appears to be 100-fold more sensitive to paraoxon than the
amphibian enzyme.

0.5 mM paroxon all five uninjected embryos died
while four of five AChE-injected embryos sur-
vived but displayed severe deformities. These re-
sults suggested that prior to the significant accu-
mulation of AChE in neuromuscular junctions
(i.e. up to day two) Xenopus embryos are rela-
tively insensitive to anti-cholinesterase poisoning
and that excess AChE, either in body fluids or
within neuromuscular junctions may offer an or-
ganism protection against anti-AChE organophos-
phorous agents.

To further investigate the biochemical proper-
ties of Xenopus AChE as compared to those of
the human enzyme, we examined the sensitivity of
both enzymes to inhibition by excess substrate.
Unlike the human enzyme, Xenopus AChE ap-
peared insensitive to high acetylthiocholine
(ATCh) concentrations (Fig. 3 inset). Moreover,



208 M. Shapira et al. / Toxicology Letters 102—103 (1998) 205-209

the amphibian enzyme displayed considerable re- ternary inhibitors of AChE (Fig. 3). Interestingly,
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Fig. 3. AChE from Xenopus embryos displays higher resistance to multiple inhibitors and to excess substrate concentrations than
the human enzyme. High salt /detergent extracts of Xenopus tadpoles were prepared and assayed for AChE activity in the presence
and absence of the noted concentrations of various selective inhibitors. Homogenates representing endogenous frog (filled
diamonds) or hRBC AChE (open rectangles) were assayed for activity following 30 min preincubation with the indicated
concentrations of inhibitors. Averages are presented of six measurements in two independent experiments + SEM. ICs, values are
indicated for each inhibitor in mM. Inset: hydrolytic activities of hRBC AChE and the Xenopus enzyme were measured, using
ATCh as a substrate in the concentration range of 0.1 mM~-25 mM. Note suppression of activity at high substrate concentrations for
human AChE but not frog AChE.
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pus and the human enzymes was more pronounced
with active site than with peripheral inhibitors
(e.g. Propidium, Dibucaine).

4. Discussion

The relative insensitivity of Xenopus tadpoles
to anticholinesterases was not due to inefficient
penetrance of these poisonous xenobiotic agents
to the live tissues, as enzyme activity was inhib-
ited in all of the subcellular compartments of live
Xenopus embryos in a linear dose-dependent
fashion. Rather, the relatively low toxicity of
paraoxon toward Xenopus tadpoles could be at-
tributed to the resilience of their AChE protein
toward these inhibitors. This was associated with
unique properties of the active site in the amphib-
ian enzyme, reflected by the lack of substrate
inhibition. Moreover, even when 10-fold higher
activities of the human enzyme were produced in
these tadpoles in vivo (Seidman and Soreq, 1996),
the sensitivity of this heterologous protein re-
mained that of the human enzyme. This demon-
strates the species specificity to AChE inhibitors
and attributes it to sequence differences. It fur-
ther implies that Xenopus tadpoles are far less
sensitive than mammals to insecticide intoxica-
tion, which raises a doubt with regards to the
predictive value of the Xenopus tadpoles toxi-
cology tests.
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